nature cancer

Technical Report

https://doi.org/10.1038/s43018-023-00576-1

High-pleximmunofluorescenceimaging
and traditional histology of the same
tissue sectionfor discovering image-based

biomarkers

Received: 7 September 2022

Accepted: 8 May 2023

Published online: 22 June 2023

% Check for updates

Jia-Ren Lin®'?®, Yu-An Chen'?®, Daniel Campton®®, Jeremy Cooper?,
Shannon Coy'4, Clarence Yapp ®'?, Juliann B. Tefft ®'2, Erin McCarty?,
Keith L. Ligon®*, Scott J. Rodig®, Steven Reese®, Tad George ®?3,
Sandro Santagata®"**

& Peter K. Sorger®'?

Precision medicine s critically dependent on better methods for diagnosing
and staging disease and predicting drug response. Histopathology using
hematoxylin and eosin (H&E)-stained tissue (not genomics) remains

the primary diagnostic method in cancer. Recently developed highly
multiplexed tissue imaging methods promise to enhance research studies
and clinical practice with precise, spatially resolved single-cell data. Here,
we describe the ‘Orion’ platform for collecting H&E and high-plex immunof-
luorescence images from the same cells in a whole-slide format suitable for
diagnosis. Using a retrospective cohort of 74 colorectal cancer resections,
we show thatimmunofluorescence and H&E images provide human experts
and machine learning algorithms with complementary information

that canbe used to generate interpretable, multiplexed image-based
models predictive of progression-free survival. Combining models of
immune infiltration and tumor-intrinsic features achieves a 10- to 20-fold
discrimination between rapid and slow (or no) progression, demonstrating t
he ability of multimodal tissue imaging to generate high-performance

biomarkers.

The microanatomy of fixed and stained tissues has been studied
using light microscopy for over two centuries? and histopathology
review of hematoxylin and eosin (H&E)-stained tissue sections, com-
plemented by immunohistochemistry (IHC) and exome sequencing,
remains the primary approach for diagnosing and managing many
diseases, particularly cancer’. More recently, machine learning and
artificial intelligence (ML/AI) approaches have been developed to

automatically extract information from H&E images*, leading to pro-
gress in computer-assisted diagnosis’. However, H&E and IHC images
generally lack the precision and depth of molecular information needed
to optimally predict outcomes, guide the selection of targeted thera-
pies and enable research into mechanisms of disease®.

The transition of histopathology to digital approaches’ is con-
current with the introduction, in research settings, of methods for
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obtaining 10- to 100-plex imaging data from tissues (for example,
multiplex immunofluorescence (MxIF), cyclicimmunofluorescence
(CyCIF), COdetection by inDEXing (CODEX), iterative indirectimmuno-
fluorescence imaging (4i), multipleximmunohistochemistry (mIHC),
multiplexedionbeamimaging (MIBI), iterative bleaching extends multi-
plexity (IBEX) and imaging mass cytometry (IMC))***. Suchapproaches
combine subcellular-resolution morphological analysis with spatially
resolved molecular data and are ideal complements to dissociative
single-cellmethods, such as single-cell RNA sequencing. Methods com-
patible with the type of specimens universally acquired for diagnostic
purposes (formaldehyde-fixed and paraffin-embedded (FFPE) speci-
mens) also make it possible to tap into large archives of human biopsy
andresection specimens. Many high-pleximaging studies performed
to date on human cohorts involve tissue microarrays (TMAs; arrays of
many 0.6- to I-mm diameter specimens on a single slide) or the small
fields of view characteristic of mass spectrometry-based imaging®°,
but whole-slide imaging (WSI) is required for clinical research and
diagnosis, both to achieve sufficient statistical power®™ and as a Food
and Drug Administration requirement',

During histopathology review of H&E images, a human expert
draws on implicit and explicit knowledge about the abundances and
morphologies of cellular and acellular structures prognostic of disease
or predictive of drug response. This prior knowledge, summarized in
resources such as the American Joint Committee on Cancer’s staging
manual”, is based on thousands of clinical research papers and numer-
ousclinical trials. By contrast, research using highly multiplexed imag-
ing relies primarily on spatial statistics, which recognizes recurrent
patterns in a data-driven manner®' but has not yet been subjected
to rigorous validation in a clinical setting. An opportunity therefore
exists to combine deep knowledge of tissue anatomy (acquired from
H&E images)"® with newly acquired insights into single cell types and
states. Wereasoned that anideal instrument for achieving this would
perform WSI”, have sufficient plex and resolution to distinguish tumor,
immune and stromal cell types and enable reliable and efficient data
acquisition with minimal human intervention. In current practice,
combining immunofluorescence (IF) and H&E imaging requires the
use of different tissue sections?’. However, collection of same-cell
multimodalimages would enable one-to-one comparison of cell mor-
phologies and molecular properties and also facilitate integration with
ML/Al approaches being developed for H&E data™.

The relative complexity of existing highly multiplexed imaging
assays has slowed their adoption in the clinic; the current standard in
clinicalresearchis five- to six-pleximaging using a PerkinElmer Vectra
Polaris (now Akoya Phenolmager HT)*. However, a first-principles
analysis suggests that a minimum of 16-20 molecular (IF) channels
arerequired for tumor profiling (Supplementary Table 1), 10-12 are
required to subtype majorimmune celltypes, 2-3 arerequired to detect
and subtype tumor cells and states, 2-4 arerequired to identify relevant
tissue structures and 1-3 are required to examine tumor cells states

or therapeutic mechanisms, plus a nuclear stain to locate cell nuclei.
Achieving this would benefit from acquisition of many fluorescent
channels in parallel (one-shot imaging) rather than the sequential
process developed by Gerdes et al.” and subsequently extended by
our group™ and others?.

In this paper, we describe the development of an approach to
one-shot, whole-slide, 16- to 18-channel IF imaging, followed by H&E
staining and imaging of the same cells. We compare the performance
ofthe ‘Orion’ approach and acommercial-grade instrument thatimple-
ments it with established IHC and cyclic data acquisition by CyCIF*.
Using both human inspection and ML on multimodal Orion images,
we demonstrate beneficial transfer of information from H&E images
to high-plex IF data (for example, to distinguish normal tissue from a
tumor) and also the other way around (for example, to subtypeimmune
cells that are indistinguishable in H&E data). In a proof-of-principle
study, we use two independent 30- to 40-participant human colorectal
cancer (CRC) cohorts (N = 74 participants total) to identify spatial bio-
markers prognostic of tumor progression with hazard ratios (HRs) of
0.05t00.15 (thatis, up toa20-to-1discrimination of rapid versus slow
progression). Thus, the Orion method makes multimodal data acces-
sible and compatible with cohort studies and eventual use in diagnosis.

Results
Constructing and testing the Orion platform
We investigated multiple approaches for achieving one-shot high-plex
IF followed by H&E imaging of the same tissue section. Overlap in the
excitation and emission spectra of the most widely used fluorophores
limits the number of separable fluorescence channels (typically five to
six) that can beaccommodated within the wavelengths useful for anti-
body labeling (-350 to 800 nm). This can be overcome using tuned emis-
sion and excitation filters and spectral deconvolution (for example,
six to ten channels)® or by dispersing emitted light using a diffraction
grating and then performing linear unmixing®®?. However, unmixing
complex spectra has historically resulted in a substantial reduction
in sensitivity and has not been widely implemented. Simultaneous
high-plex imaging of tissue specimens therefore requires innovation
inthe optical platform as well as careful selection of fluorophores.
With support froman NCISBIR grant, acommercial-grade Orion
instrument was developed that uses sevenlasers (Fig.1aand Extended
DataFig.1a) toilluminate the sample and collect emitted light with x4
to x40 objective lenses (0.2NAt0 0.95NA; Orion datain this paper were
collected with a20x/0.75 NA objective), followed by multiple tunable
opticalfilters that use anon-orthogonal angle of incidence on thin-film
interference filters to shift the emission bandpass®®. These filters have
90-95% transmission efficiency and enable collection of 10- to 15-nm
bandpass channels with 1-nm center wavelength (CWL) tuning selectiv-
ity over awide range of wavelengths (425to 895 nm). Narrow bandpass
emission channels improve specificity but substantially reduce signal
strength; we overcame this problem by using excitation lasers that

Fig.1|Same-section IF and H&E using the Orion platform. a, Schematic

of one-shot 16- to 20-channel multiplexed IF imaging with the Orion method
followed by H&E staining of the same section using an automated slide stainer
and scanning of the H&E-stained slide in transillumination (brightfield) mode.
This method of discriminating the emission spectra of fluorophores is repeated
using seven excitation lasers spaced across the spectrum (see Extended Data Fig.
1b and Methods). Using polychroic mirrors and tunable optical filters, emission
spectraare extracted to discriminate up to 20 channels, including signal from
fluorophore-labeled antibodies (15-19 in most experiments), the nuclear stain
Hoechst 33342 and tissue-intrinsic autofluorescence (figure created with
BioRender.com). b, Left, Orion multiplexed IF image showing CD31, a-SMA,
Hoechst (DNA) and signal from the tissue autofluorescence channel; thisimage
highlights an artery outside of the tumor region with red blood cells in the
vessel lumen and elastic fibers in the internal and external elastic lamina of the
vessel wall, numerous smaller vessels (arterioles) and stromal collagen fibers
(theinset displays arterioles). Right, images of the H&E staining from the same

tissue section (histologic landmarks are indicated). Images are from asingle
representative specimen (C18). ¢, Orion multiplexed IF image (showing CD45,
pan-cytokeratin (PanCK), CD31and a-SMA) from awhole-tissue FFPE section

and matched H&E from the same section. Holes in the images are regions of
tissue (‘cores’) removed in the construction of TMAs. Images are from a single
representative specimen (CO4).d, Zoom-in views of the regions indicated by
arrowheadsin c; marker combinations are indicated. The images are from asingle
representative specimen (C04). e, Intensities of fluorochromes (columns in heat
maps) in each Orion channel (rows in heat maps) before (top) and after (bottom)
spectral extraction. The extraction matrix was determined from control samples
scanned using the same acquisition settings that were used for the full panel.

The control samplesincluded unstained lung tissue (for the autofluorescence
channel), tonsil tissue stained with Hoechst and tonsil tissue stained in single
plex with ArgoFluor conjugates used in the panel (for the biomarker channels).
The values in each column were normalized to the maximum value in the column.
Data were derived from a single pool (V=1) of control beads.

Nature Cancer | Volume 4 | July 2023 |1036-1052

1037


http://www.nature.com/natcancer
http://www.BioRender.com

Technical Report

https://doi.org/10.1038/s43018-023-00576-1

are approximately tenfold brighter than conventional LED illumina-
tors and by using a sensitive scientific CMOS detector (camera). Raw
image files were then processed computationally to correct for system
aberrations, such as geometric distortions and cameranon-linearity®

followed by spectral extraction to remove cross-talk and isolate indi-
vidual fluorophore signals (and thus the antibodies to which they were
conjugated). The features of single cells and regions of tissue were then
computed using MCMICRO software*®
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We tested >100 chemical fluorophores from different sources and
identified 18 ArgoFluors that were compatible with spectral extraction
enabled by discrete sampling. Key criteriawere (1) emissionin the 500-
to 875-nmrange, (2) high quantum efficiency, (3) good photostability
and (4) compatibility witheach other in high-plex panels (Extended Data
Fig. 1b and Supplementary Tables 1and 2). ArgoFluor dyes were cova-
lently coupled to commercial antibodies directed to lineage markers of
immune (forexample, CD4, CD8 and CD68), epithelial (cytokeratinand
E-cadherin) and endothelial (CD31) cells as well asimmune checkpoint
regulators (PD-1and PD-L1) and cell state markers (Ki-67) to generate
panelssuitable for studying the microenvironment and architecture of
epithelialtumors and adjacent normal tissue (Extended Data Fig. 1c,d).
An accelerated aging test demonstrated excellent reagent stability,
estimated to be >5 years at —20 °C storage (Extended Data Fig. 1e).

Because eosin fluoresces strongly at 530-620 nm, it proved imprac-
tical to perform H&E staining before IF (although alternatives to H&E
compatible with IF have been described)*. However, we found that
H&E staining could be performed using industry-standard slide stain-
ers after one or a small number of IF cycles. No established methods
exist for evaluating the quality of these or other digital H&E images™,
and comparison is complicated by variation in color intensity across
platforms. We therefore acquired H&E images using an Aperio GT450
slide scanner (Leica Biosystems), whichis agold standard for diagnostic
applications®, rather than the integrated Orion brightfield mode. Four
practicing pathologists were shown images of tissue sections that had
been subjected to one or more IF staining cycles followed by fluoro-
phore bleaching and asked were whether they could distinguish these
images from serial section controls that had been stained with H&E in
the standard mannerinaclinical facility (Fig. 1a). They found the two sets
ofimagestobeindistinguishable and ‘diagnostic grade’ (Extended Data
Fig.2a). We conclude that good-quality post-Orion H&E imaging canbe
obtained, although further study of additional tissues will be required
tofully assess whether they are generally adequate for use in diagnosis.

Validating high-plex one-shot fluorescence imaging

To test the Orion approach, three types of data were collected: (1)
whole-slide images of human tonsil, a standard tissue for antibody
qualification, and human lung cancer, a particularly common cancer
type; (2) images of a TMA that contains 30 different types of normal
non-neoplastic disease as well as tumor samples from 18 tissues and
(3) whole-slide images of 74 stage I-1V CRC resections obtained from
the archives of the Brigham and Women’s Hospital (BWH) Pathology
Department (these resections were splitinto two cohorts with40 and 34
individuals each, respectively, asindicated in Supplementary Table 3).
Wetested and optimized the antibody panel on tonsil tissue and then
applieditsuccessfullytothelungcancerspecimen(ExtendedDataFig.2b),
TMA (Extended Data Fig. 2c and Supplementary Table 4) and CRC
cohort. We also collected data from a dedicated autofluorescence chan-
nel (445-nm excitation/485-nm emission, CWL) to extract natural fluo-
rescence from the IF channels, improve biomarker signal-to-noise ratio
(SNR) and provide information on naturally fluorescent structures,
such as connective tissues and components of blood vessels (Fig. 1b).
In each case, we performed 18- to 20-plex imaging (16-18 antibody

channels, autofluorescence and anuclear stain) plus H&E. Exploratory
studies suggest that it should be possible to add two to four additional
antibody channels to the method following further optimization of
fluorophores and optical systems (Methods).

Inspection of whole-slide images of lung, tonsil and CRC con-
firmed error-free imaging and stitching of 1,000 or more adjacent tiles
(areaof up to 35 x 20 mm; Fig. 1¢), including bright in-focus staining of
cellular and cellular substructures within each tile (Fig. 1d). To quantify
the effectiveness of spectral extraction, we imaged serial sections of
human tonsil tissue each stained with a single antibody conjugated toa
different ArgoFluor and thenrecorded datain all channels. Under these
conditions, cross-talk between adjacent channels averaged ~35%. Spec-
tral extraction reduced this to <1% (Fig. 1e). As a result, when a tissue
section was subjected to multiplexed antibody labeling, we observed
correlated signals only for antibodies that stain targets colocalized on
the same types of cells (for example, co-staining of T cell membranes
with anti-CD3¢ and anti-CD4; Extended Data Fig. 2d).

The staining patterns observed with ArgoFluor antibody conju-
gates were similar to those obtained by conventional IHC performed
on the same specimen using the same antibody clones (as described
in Du etal.*, one-to-one comparison of IF and IHC is not possible given
fundamental differences in imaging modalities; Fig. 2a and Extended
DataFig.3a). We also compared Orion datato dataacquired fromaserial
tissue section using a well-established CyCIF method". We found that
the fractions of cells scoring positive for the same markers across the
two methods were highly correlated (Fig. 2b,c shows four examples
with p = 0.8 to 0.9) except when marker-positive cells were rare, and
cellcounts were subject to statistical fluctuation fromone serial section
to the next (for example, p = 0.55 for FOXP3 positivity; Extended Data
Fig.3b)**. Moreover, projections of high-dimensional Orion data using
t-distributed stochastic neighbor embedding (t-SNE) revealed good
marker separation and successfully resolved the anticipated popula-
tions ofimmune and tumor cell types (Fig. 2d and Extended DataFig. 3¢).

To test the repeatability of the method, sample processing and
imaging of CRC cohort 1 (V=40 specimens) was performed at Rare-
Cyte, and processing and imaging of cohort 2 (N =34 specimens from
differentindividuals) was performed at Harvard Medical School (HMS)
on different instruments by different operators; six specimens from
cohort1wereimaged atboth RareCyte and HMS. Corresponding pairs
ofimages from these six specimens looked very similar, and when cell
countdatafromall12images were subjected to unsupervised cluster-
ing, batch effects were not observed (Extended Data Fig. 4a-c). Thus,
the Orion method reproducibly generates results that are qualitatively
similar to those obtained using conventional IHC, and quantitative
marker intensities are similar between Orion and CyCIF.

There are situations in which data from 16-20 fluorescent chan-
nels are likely to be insufficient for identifying cell types of interest. We
therefore asked whether multiple rounds of Orion data collection could
be performed on the same cells using a cyclic approach®*. We stained
tonsil tissue with 16 ArgoFluor-conjugated antibodies and collected
IF, autofluorescence and nuclear (Hoechst-stained) images. Slides
were thensubjected to oxidation with hydrogen peroxide (bleaching),
stained with 13 additional antibodies (a number based on reagent

Fig. 2| Qualifying the 16-plex single-shot Orion antibody panel. a, Panels
ofimages from FFPE tonsil sections showing single-antibody IHC for pan-
cytokeratin, Ki-67, CD8«, CD163 and the matching channels extracted from
16-plex Orion IF images (the H&E stain was performed on the same section as the
Orionimaging). Eachimage is from one representative specimen. For IHC/H&E,
four serial sections were used from the same tonsil tissue; one additional section
from the same sample was used for Orion. b, Orion IF images and CyCIF images
from neighboring sections of an FFPE colorectal adenocarcinoma. The CyCIF
images were collected using 2 x 2 binning, while Orion images were obtained
with no binning. ¢, Plots of the fraction of cells positive for the indicated
markers from whole-slide Orion IF and CyCIF images acquired from neighboring

sections. Pearson correlation coefficients are indicated. d, t-SNE plots of cells
segmented from an Orion IF image of an FFPE CRC specimen (CO1) with inferred
cellstypes (left) and the fluorescence intensities of selected markers (CD45,
pan-cytokeratin, CD8a and a-SMA; right) overlaid on the plots as heat maps. The
plots show arandom sample of 50,000 cells. e, Orion images showing antibodies
imaged across two cycles. Twenty-three of 29 antibodies are displayed across
four marker groups from four different regions of interest (labeled ROI1-4).
Markers from cycle 2 are underlined. The locations of the four ROls in the whole-
slideimage are shown in Extended Data Fig. 5a. Images are from one FFPE tonsil
specimen/section; VIM, vimentin; Gr-B, granzyme B.
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availability),imaged by IF and subjected to H&E staining and brightfield
imaging. We found that crisp, high-SNR second-round images could
be obtained using a cyclic approach, yielding a 32-plex Orion image
(if same-cell H&E is included; Fig. 2e and Extended Data Fig. 5a). We

confirmedthat theintercycle bleachingstep reduced ArgoFluorinten-
sity by >95% and that cross-talk from one cycle to the next was therefore
low (Extended DataFig. 5b). We also established that it was possible to
perform multiple rounds of CyCIF after one round of Orion (Extended
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Data Fig. 5¢); multicycle CyCIF is slower than second-cycle Orion but
potentially more flexible. Moreover, although many cycles of IF stain-
ing and bleaching reduced H&E image quality, our pathology team
judged H&E images collected after two IF and photobleaching steps
to beindistinguishable from controls and therefore diagnostic grade
(Extended Data Fig. 5d,e). We conclude that two-cycle Orion imaging
retains IF and H&E image quality, opening the door to efficient 32- to
36-plex multimodal imaging. Exploratory studies suggest room for
further development of cyclic and high-plex Orionimaging.

Integrated analysis of IF and H&E images
Whensame-cell H&E and IF data were compared, we found that molecular
labels obtained from IF enabled more complete enumeration of lym-
phocytes than inspection of H&E images; for example, CD4" and CD8"
Tcelland B celllineages look similar by H&E but were distinguishable by
IF (Fig. 3a). We also identified many cell types and cell states that were
morereadily definedin H&E images based on morphologic features than
by IF staining; thisincluded eosinophils and neutrophils with distinctive
H&E morphology but no lineage markers in our Orion panels as well as
the prophase, metaphase, anaphase and telophase stages of mitosis (Fig.
3b).Awide variety of acellular structures, such as basement membranes,
mucin pools, necroticdomains and so on, were alsomore readily scored
inH&E thanIF images. Tobegin to quantify theamount of complementary
information in H&E and IF images, we computed the fraction of all cells
(asidentified by nuclear segmentation) in the 40-specimen CRC cohort
1that could not be assigned a clear identity using IF images; we found
that this varied from 6.5 to 42% of total nuclei (median of 16%; Fig. 3c).
We have previously observed a similar fraction of ‘unidentifiable’ cells
following 40- to 60-plex CyCIF imaging® and surmised that these cells
were either negative for all antibody markers or difficult to segment™.
Toidentify cellsmissinglabels in Orion IF data, we used a previously
published ML model trained on H&E images’ (see Methods for details
ofthismodel and its performance). We found that >50% were predicted
to besmooth muscle, stromal fibroblasts or adipocytes (Fig. 3d); these
predictions were confirmed by visual inspection of the H&E images (Fig.
3e). We also examined specimens (for example, from participant 26;
Fig. 3f and Extended Data Fig. 5f) in which a subset of epithelium was
difficult toidentify by IF because it stained weakly with pan-cytokeratin,
E-cadherin and immune markers. Inspection of H&E images showed
that weakly stained cells corresponded to aserrated adenoma that was
distinctfromanearby domain ofinvasive low-grade adenocarcinoma (in
whichtumor cells stained strongly for pan-cytokeratin and E-cadherin).
Differential staining of cytokeratin isoformsin serrated adenoma and
adenocarcinoma has been described previously”, and we speculate
that, in specimen C26, it reflects clonal heterogeneity. Low staining
intensity inthe serrated adenomainterferes with IF-based cell-type call-
ingwhenstrongly stained adenocarcinomais also present. From these
findings, we conclude that the availability of H&E and IF images of the
same set of cells substantially increases the fraction of cell types and
statesthat canbeidentified compared to either type of dataalone. This
is particularly true of cell types for which specific molecular markers do

not exist (for example, stromal fibroblasts) or are not included in the
panel (for example, neutrophils) and markers that arelost due to tumor
subclonality (for example, specific cytokeratinisoforms). Cells that are
highly elongated or have multiple nuclei and are difficult to segment
(for example, muscle cells) are also commonly lost to computational
analysis of IF data but highly distinctive in H&E images.

Identifying tumor features predictive of progression

The classification of cancers for diagnostic purposes using Ameri-
can Joint Committee on Cancer and the Union for International Can-
cer Control (UICC) TNM classification criteria is based primarily on
tumor-intrinsic characteristics (tumor, lymph node and metastases,
the TNM staging system)**, However, the extent and type of immune
infiltration also plays amajor rolein therapeutic response and survival®.
In CRC, this has given rise to a clinical test, the Immunoscore*’, that
quantifies features of the intratumoral and tumor-proximal immune
response to predict CRC progression as measured by progression-free
survival (PFS) or overall survival (OS). The Immunoscore has been vali-
dated in multicenter cohort studies and predicts time to recurrence in
stagelllcancersinaphaselll clinical trial*’. The Immunoscore uses IHC
toevaluate thenumber of CD3*and CD8'T cells at the tumor center (CT)
andtheinvasive margin (IM; for Immunoscore, thisis defined asaregion
encompassing 360 pum on either side of the invasive boundary; in our
work, we set this to +100 pm from the boundary)*. The HR (the difference
inthe rate of progression) between individuals with tumors containing
few immune cells in both the CT and the IM (Immunoscore = 0) and
individuals with tumors containing many cells in both compartments
(Immunoscore =4) hasbeenreportedtobe 0.20 (95% confidenceinterval
(95%CI) 0of 0.10-0.38; P <10™*) ina Cox regression model, withincreasing
score correlating with longer survival®. This is a clinically meaning-
ful difference that can be used to inform key treatment decisions, for
example, whether or not to deliver adjuvant therapy (chemotherapy
after surgery)**. Because chemotherapy is associated with substantial
adverse effects, requiresinfusion orinjectioninahealthcare setting and
isexpensive, itis desirable thatindividuals who are unlikely to experience
disease recurrence be spared the burden of adjuvant therapy.

Using Orion data, we developed software scripts to recapitulate
key aspects of the Immunoscore using PFS as an outcome measure.
First, we detected the tumor-stromal interface and generated masks
that matched the criteria for CT and IM (+100 pm around the tumor
boundary; Fig. 4a). CD3 and CD8 positivity in single cells was deter-
mined by Gaussian mixture modeling®, with the median positive frac-
tion foreach marker (CD3 or CD8) ineachregion (CT orIM) across all 40
CRC cases used as the cutoff for assigning a subscore of 0 or 1; the sum
of the four subscores was used as the final score forimage feature model
1(IFM1; Fig. 4b). Parameters for computing IFM1, such asthe size of the
IM and the staining threshold for scoring cells positive and negative
were set a priori (naively) without any parameter tuning to reduce the
risk of overtraining; IFML, nonetheless, yielded an HR similar to Immu-
noscoreitselfoncohort1(HR = 0.14;95% Cl of 0.06-0.30; P=7.63 x107>;
Fig. 4c), Next, we used the underlying logic of Immunoscore to

Fig. 3| Combined H&E and Orion to identify cell and tissue types. a,
Representative images of Orion IF and same-section H&E. Allimages are from
one representative colorectal specimen (C02). b, Cell types not specifically
identified by markers in the Orion panel but readily recognized in H&E images,
including neutrophils, eosinophils and cells undergoing mitoses (selected cells
of each type are denoted by arrowheads and dashed lines). Images are from
three different representative colorectal specimens/sections (columns1and 2
are from C27/C04, columns 3 and 4 are from C04, and columns 5and 6 are from
CO03); E-cad, E-cadherin; AF, autofluorescence; P, prophase; M, metaphase; A,
anaphase; T, telophase. ¢, Spatial maps of the positions of cells (-15% of total
cells) that were not detected by the Orion IF panelina CRC specimen overlaid
onto the corresponding H&E image (specimen CO1); dots denote cells with
identifiable nuclei but not subtyped using the antibody panel. Box and whisker

plots show unidentifiable cellsin cohort 1 (N =40 specimens, C01-C40), the
midline indicates the median, box limits indicate quartile 1(25th percentile)/
quartile 3 (75th percentile), and whiskers indicate 1.5x interquartile range (IQR).
d, Top, spatial map of nine tissue classes determined from the H&E image using a
CNN model for various cell types as indicated*®. Bottom, percentage of the total
number of ‘unidentifiable’ (negative) cells assigned to a specific tissue class by
the CNN applied to the H&E image. Data were derived from N = 1representative
specimen (CO1). e, Example same-section Orion IF and H&E images from areas
enriched for ‘non-detected’ cells; examplesinclude areas predicted to berich
instromaand smooth muscle. f, Orion IF and H&E images showing an area

of serrated adenoma with low pan-cytokeratin expression (markers are as
indicated). Whole-slide image indicating the location of this region is shown in
Extended Data Fig. 5f. Images are from one colorectal specimen (C26).
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leverage multiple Orion channels. Thirteen immune-focused mark-  based on median intensities (again without any parameter tuning).
ers were used to generate ~15,000 marker combinations (IFMs), each  When HRs were calculated, we found that nearly 600 IFMs exceeded
composed of four markers within the CT and IM domains (Fig. 4d). IFMlinperformance (Extended DataFig.6a-c). Thetop tenIFMswere
Scores for each CRC case were binarized into high and low scores insignificantly different from each other, and we chose one (IFM2) for
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Fig. 4 |Recapitulating the Immunoscore tissueimmune test using Orion
images. a, Map of CT and IM compartments overlaid on an H&E image with the
density of CD3* cells shown as a contour map and the positions of CD8" T cells
shown as dots. The arrow indicates the zoom-inimage shown below. Bottom,
selected channels from a portion of the Orion image spanning the invasive
boundary (denoted by shaded overlay). Images were from one representative
specimen/section (C04). b, Flow chart for the calculation of IFM1 that
recapitulates key features of the Immunoscore test. ¢, Top, box-and-whisker
plots for PFS for 40 individuals with CRC based on actual IFM1scores where the

midline indicates the median, box limits indicate quartile 1(25th percentile)/
quartile 3 (75th percentile), whiskers indicate 1.5% IQR, and dots indicate outliers
(>1.5%IQR). Scores are stratified into two classes as follows: low, score of <2;
high, score of 3 or 4 (pairwise two-tailed ¢-test P= 0.002). Bottom, Kaplan-Meier
plots computed using IFM1binary classes (HR, 95% Cland log-rank Pvalue).d,
Flow chart for calculation of additional models that use the underlying logic of
Immunoscore but considering 13 markers. The image processing steps are the
same as ina. The rank positions of IFM1and IFM2 are shown relative to all other
14,950 combinations of parameters that were considered.

further analysis, which exhibited an HR of 0.05 (95% CI of 0.02-0.10,
P=5.5x10"%Fig.5a) and comprised the fractions of a-smooth muscle
actin (a-SMA”) cells in the CT and CD45", PD-L1" and CD4" cells in the
IM. Leave-one-out resampling showed that IFM2 was significantly bet-
ter than IFM1 with respect to HR (adjusted P value (P,;) based on the
Benjamini-Hochberg procedure; P, = 7.3 x107; Fig. 5Sb and Extended
Data Fig. 6d). To determine whether IFM2 is generalizable, we tested
the performance of this model created using cohort1onspecimensin
cohort2.Once again, we observed astatistically significant discrimina-
tionbetween progressing and non-progressing tumors (HR = 0.17;95%

Clof0.05t00.56; P=6.9 x107%; Fig. 5¢). We conclude that multiplexed
immunoprofiling data extracted from Orionimages of CRCresections
canbe used to generate performant prognostic biomarkers.
Inspection of images from IFM2 high tumors exhibiting slow pro-
gression (for example, participant C34) revealed highnumbers of PD-L1"
cells (Fig. 5d and Extended Data Fig. 6e) adjacent to pan-cytokeratin®
tumor cells; based on overlap of PD-L1, CD68 and CD45 staining, we
concludethat PD-L1" cells are likely myeloid in origin, as described pre-
viously”. In C34, a-SMA-stained tumor-proximate stromal cells (most
likely fibroblasts) were alsoinfiltrated with CD4" T cells. By contrast,ina
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Fig. 5| Extending the Inmunoscore test with additionalimmune features.
a, Left, box and whisker plots for PFS for 40 individuals with CRC based on IFM2
scores, where the midline indicates the median, box limits indicate quartile 1
(25th percentile)/quartile 3 (75th percentile), whiskers indicate 1.5x IQR, and
dotsindicate outliers (>1.5x IQR). Right, Kaplan-Meier plots for cohort1(N=40
participants/specimens) computed using IFM2 binary classes (HR, 95% Cland
log-rank Pvalue). Scores are stratified into two classes as follows: low, score of <2;
high: score of 3 or 4. b, Box-and-whisker plots of leave-one-out cross-validation
of ranks from IFM1and IFM2 (unadjusted P=4.9 x102° and adjusted using the
Benjamini-Hochberg procedure P, = 7.3 x10); bootstrapping of HRs is shown

in Extended Data Fig. 6d. Detailed analysis procedures are described in the
Methods, and pairwise two-tailed ¢-tests were used unless otherwise mentioned
(N =40 participants/specimens; midline indicates the median, box limits indicate
quartile1(25th percentile)/quartile 3 (75th percentile), whiskersindicate 1.5 IQR,
and dotsindicate outliers (>1.5x IQR). ¢, Kaplan-Meier plot for cohort 2 computed
using IFM2 binary classes stratified into two classes as follows: low, score of

<2; high, score of 3 or 4 (HR, 95% Cl and log-rank Pvalue; N = 33 participants/
specimens). d, Representative Orion IF images of cases with high IFM2 (score = 4)
and low IFM2 (score = 0). IFimages show DNA, pan-cytokeratin, a-SMA, CD45 and
PD-L1.Images are from two specimens (C34 and C09), as labeled.

participant withrapid progression (that s, participant C09), PD-L1levels
were below the level of detection, and CD4" cells were less abundantin
the stroma. By H&E, IFM2-high tumors exhibited extensive lymphohis-
tiocytic chronic inflammation, including large lymphoid aggregates
and tertiary lymphoid structures (TLS) at the tumor IM*®, whereas
IFM2-low tumors had relatively few lymphoid aggregates and no TLS
(Fig. 5d and Extended Data Fig. 6e). Although IFM2-low tumors were
also more invasive than IFM2-high tumors, IFM score was independ-
entof histologic subtype (for example, conventional versus mucinous
morphology) and did not correlate with histologic grade (low- versus
high-grade carcinoma). Thus, IFM2 is likely to capture activity of the
immune microenvironment around the tumor IMas well as changesin
tumor-associated fibroblasts. However, deeper phenotyping of more
specimens will be required to identify precisely which molecular fea-
tures of IFM2 are important for predicting progression.

Identifying new progression markers

Asanunbiased means of identifying new progression models, we used
spatiallatent Dirichlet allocation (Spatial-LDA)*. Spatial-LDA canreduce
complex assemblies of intermixed entities into distinct component
communities (‘topics’) while accounting for uncertainty and missing
data; it has performed well on other multiplexed tissue imaging data-
sets***°. We separated CRC specimens in cohort 1into tumor and adja-
centnormal tissue using H&E data and an ML/Al model** and performed
Spatial-LDA at the level of individual IF markers on cells in the tumor
region (Fig. 6a). This yielded 12 spatial features (topics) that recurred
across the dataset (the number of topics was optimized by calculat-
ing the perplexity; Extended Data Fig. 7a and Methods). Visual inspec-
tion of images by a pathologist confirmed that marker probabilities
matched those computed for different topics and that the frequency

distribution of each topic varied, sometimes substantially,among CRC
samples (Fig. 6b and Extended DataFig. 7b). The strongest correlations
between topicsand PFS for cohort1were found tobe -0.52 (P < 0.001)
for topic 7, comprising pan-cytokeratin and E-cadherin positivity (with
little contribution fromimmune cells), and +0.57 (P < 0.001) for topic
11, comprising CD20 positivity with minor contributions from CD3,
CD4 and CD45 (Fig. 6b-fand Extended Data Fig. 7a). By contrast, topics
involving the proliferation marker Ki-67 (topic 6), PD-L1 positivity (topic
9) orimmune cell markers (CD45 or CD45RO0; topics 3 and 10) exhibited
little or no correlation with PFS (Extended Data Fig. 7a).

Giventhe correlation of topic 7 with PFS, we constructed aKaplan-
Meier curve for tumors having a proportion of topic 7 below the 50th
percentile versus those above this threshold (including all cells in the
specimen; note that the value of the threshold was not critical over the
range of 50-75% (Fig. 7a and Extended Data Fig. 8a). Imposing a 50th
percentile threshold on topic 7 yielded model IFM3, which, on cohort
1,resultedinan HR of 0.26 (Fig. 7a; 95% Cl of 0.11-0.63; P=2.98 x 107*).
When we tested IFM3 on cohort 2, we observed even better perfor-
mance (HR =0.07; 95% Cl of 0.02-0.24; P=5.6 x107*; Fig. 7b), sug-
gesting that the model had not been overtrained. We conclude that
Spatial-LDA had discovered (via unsupervised analysis of high-plex IF
data) atumor-intrinsic feature distinct from immune infiltration that
was significantly associated with poor survival.

Poor interpretability is a common limitation of models gener-
ated using ML methods such as Spatial-LDA. In the case of topic 7,
the primary molecular features were pan-cytokeratin and E-cadherin
positivity, but topic 8 was similar in composition while exhibiting no
correlation with PFS (r=0.01; Fig. 6¢,f and Extended Data Fig. 7a). To
identify the tumor histomorphology corresponding to these topics,
we transferred labels from IF to the same-section H&E images, trained
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aconvolutional neural network (CNN) on the H&E data and inspected
the highest-scoring tumor regions (Extended Data Fig. 8b). Topic 7
was readily identifiable as poorly differentiated/high-grade tumor
with stromal invasion (Fig. 7c,d). By contrast, topic 8 consisted pre-
dominantly of nearly normal intestinal mucosa with some areas of
well-differentiated tumor (Fig. 7c and Extended Data Fig. 8c). Whenwe
inspected Orion and CyCIF images of specimens with a high propor-
tionoftopic 7 (for example, participant CO6; Extended Data Fig.9), we
found that the E-cadherin-to-pan-cytokeratin ratios were low relative
to normal mucosa or topic 8 (expression of Na*/K*-ATPase, another
protein found on the plasma membranes of colonic epithelial cells, was
alsolow). These are features of cells undergoing an epithelial-mesen-
chymaltransition (EMT), whichis associated in CRC with progression
and metastasis*’. However, follow-on CyCIF imaging showed that some
features of EMT, such as low proliferation and increased expression
of EMT-associated transcriptional regulators (for example, ZEB1),
were not generally observed in topic 7-positive cells. For example, the
proliferation index in tumor cells was high (40-50% Ki-67 and PCNA
positivity), and staining for ZEB1 was low (although ZEB1 was easily
detected in nearby stromal cells with mesenchymal differentiation;
Extended DataFig. 9). Thus, although the molecular and morphological
features of topic 7 were consistent with each other, H&E morphology
was more readily interpretable thanlong-established features of CRC
progression. Interpretability increases confidence in a potential bio-
marker and substantially improves its chances of clinical translation®..

Only about one-third of participants in cohort 1scored high for
IFM1and low for IFM3 (the combination correlated with the longest PFS;
Fig.7e), arguing for use of acomposite model (IFM4; HR = 0.12; 95% CI
0f0.05-0.28; P= 6.7 x107; Fig. 7f). Statistically significant results were
also obtained from cohort 2 usingamodel trained on cohort1 (Fig. 7g).
This demonstrates that immunological and tumor-intrinsic features
of cancers can be combined to generate prognostic models with high
predictive value. Although no parameter tuning (for example, setting
thresholds for positivity) was involved in the generation of IFMs 1-4,
experience with Immunoscore shows that parameter tuning using
larger cohorts of individuals can further boost performance.

Discussion

Inthis paper, we describe an approach to multimodal tissueimaging that
combines onecycle (single-shot), high-plex subcellular-resolution IF with
imaging of endogenous fluorescence and subsequent H&E imaging of the
same cells. We show that such multimodal tissue imagingis reproducible
across performancesites and has substantial benefits for human observ-
ers and ML models. Most obviously, it facilitates the use of historical
knowledge about tissue microanatomy (derived from H&E images) for
theinterpretation of molecular data derived from multiplexed molecular
imaging. We find that human experts and ML algorithms can exploit H&E
imagesto classify cell types and states that are not readily identifiablein
multiplexed datagiveninevitablelimitationsinantibody variety. H&E and
autofluorescence imaging are also effective at characterizing acellular
structures that organize tissues at mesoscales (for example, the elastic
lamina of the vessel wall). Moreover, by overlaying molecular dataon H&E

images, we show that it is possible to discriminate cell types that have
similar morphologies but different functions. The ability of molecular
datato label cell types in H&E images is expected to be advantageous
in supervised learning for ML/Al modeling® as is the use of H&E data to
unpack ‘blackbox’ ML models trained onmolecular data. Theinterpret-
ability of Almodels is thought to be important in medicine as a means
of promoting uptake, increasing generalizability across cohorts and
ensuring compliance with ethical standards®.

The Orioninstrument described here supports up to18-plex simul-
taneous dataacquisition (including DNA and one or more autofluores-
cence channels), butitislikely that several additional channels can be
added asfluorophores are more optimally matched to available lasers
and optical elements. Our data demonstrate 18-plex Orionimaging of
30types of cancer, diseased tissues and normal tissues available as TMA
cores or whole-slide specimens, demonstrating that the Orion method
is widely applicable. Of course, the antibody panel used for CRC will
not be optimal for all tissues, but substitution of a few antibodies is
expectedtoyield panels usable with many cancers of epithelial origin.
The only practical limitation to assembling additional Orion panels
using commercial antibodies developed for IHC and IF imaging of tis-
sues is the time needed to prepare ArgoFluor-labeled antibodies and
test panel performance and stability.

We show thatitis possible to perform cyclic dataacquisition using
the Orionapproach as well as Orion followed by CyCIF, thereby increas-
ing the number of molecular channels dramatically. Cyclic Orionis par-
ticularly well suited to discovery researchin which 20- to 40-pleximaging
is increasingly common®. However, H&E staining must be performed
after all IF is complete, and we find that H&E image quality goes down
asIF dataacquisition extends beyond two to four cycles. For diagnostic
applications, our data suggest that image-based prognostic tests may
require only a subset of the channels available to Orion (speculatively
8-14 channels) with attendant reductions in test complexity and cost.

Itis not surprising that multiplexed IF dataadd information to H&E
images. More surprising are the many cell types and structures that are
difficult to identify in multiplexed images and are readily identified
in H&E images by histopathologists or ML algorithms. These include
acellular structures, cell types for which good markers are not readily
available, highly elongated and multinucleated cells that are difficult to
segment with existing algorithms (for example, muscle cells) and, most
remarkably, tumor cells themselves. Many tumor types lack a definitive
cell-type marker, and even when such markers are available, some cells
inatumor are observed to express these markers poorly or not at all,
likely due to subclonal heterogeneity**. By contrast, pathologists are
skilled at identifying dysplastic and transformed cells in H&E images
based on morphology, and this is potentially more reliable than IF
imaging using molecular markers for the identification of some types
of tumor cells. Conversely, many immune cell types cannot be reliably
differentiated using H&E images, and their presence can also be dif-
ficult to discern when cells are crowded; the use of IF lineage markers
provides critical new information in these cases.

There are multiple ways to exploit the complementary strengths
of H&E and IF imaging using ML approaches. ML models trained on H&E

Fig. 6| Bottom-up development of a tumor-intrinsic IFM. a, Positions of three
selected topics identified using LDA. Topic locations are overlaid on an H&E
image. Data were derived from one representative specimen (C39); LN, lymph
node. b, Left, markers making up selected LDA topics as shown by size of the
text proportional to the frequency of the marker but with colored text scaled by
50% for clarity. Right, radar plotindicating the fraction of cells positive for each
markerintopics 7,8 and 11 (data for all others topics shown in Extended Data
Fig.7).c, IFimages showing expression of pan-cytokeratin, a-SMA, CD20 and
CD45 for the indicated LDA topics. The position of each image frame is denoted
by the labeled boxes in a. Images are from one representative specimen (C39).d,
Pearson correlation plots of PFS and fraction of topics 7, 8 and 11in 40 individuals
with CRC. Topic 11 corresponded to TLS, whose presence is known to correlate

with good outcome®®, Pearson correlation was used, and unadjusted Pvalues are
provided. e, Fraction of topics 7,8 and 11in CRC specimens C01-C40. f, Box and
whisker plots showing fractions of topic 7-, 8- and 11-positive cells for indicated
markers; the midline indicates the median, box limits indicate quartile 1 (25th
percentile)/quartile 3 (75th percentile), whiskers indicate 1.5x IQR, and dots
indicate outliers (>1.5% IQR). Two-tailed pairwise t-test Pvalues are indicated
(N =40 participants/specimens). The Pvalues are listed below; pan-cytokeratin*:
2.83 x107* (7 versus11), 0.12 (7 versus 8), 4.48 x 10** (8 versus 11); E-cadherin™*:
2.4 x1072 (7 versus11),8.26 x 1072 (7 versus 8),1.22 x 107° (8 versus 11); CD20":
1.99 x1072 (7 versus11), 0.63 (7 versus 8),1.94 x 102 (8 versus 11); CD45":

3.99 x 1078 (7 versus11), 6.7 x 10 (7 versus 8),1.6 x 10 (8 versus 11); CD68":
0.084 (7 versus11),2.88 x 107 (7 versus 8), 0.28 (8 versus 11); NS, not significant.
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datacanincrease the number ofidentifiable cellsin multimodalimages
relative to multiplexed IF data alone. Conversely, IFimages can be used
to automatically label structuresin H&E images (for example,immune
cell types) to assist in supervised learning on these images. This is a
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notable development because the labor associated with labeling of
images (currently by human experts) is a barrier to the development
of better ML models. Finally, multimodal data can provide molecular
insight into the features of tissue images to which ML models ‘attend™.
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Fig. 7| LDA topic 7 corresponds to aggressive tumor regions and is correlated
with poor outcomes. a,b, Kaplan-Meier plots of PFS based on the fraction of
topic 7 present in the tumor domain and stratified as ‘high’ when above the median
(50th percentile) and ‘low’ when below the median of all cases (HR, 95% Cland
log-rank Pvalue) for 40 individuals with CRCin cohort1(a) and 34 individuals

with CRCin cohort2 (b). ¢, Representative H&E images of topic 7 (left) and topic

8 (right) extracted fromall specimens using a CNN (GoogLeNet) trained on LDA
data. Images were derived from 10 participants/specimens (CO1-C10).d, Spatial

map of LDA topic 7 and H&E image for one representative specimen (C02). e, Plot of
fraction of topic 7 (IFM3) versus IFM1score for 40 individuals with CRC. The midline
indicates the median, box limits indicate quartile 1 (25th percentile)/quartile 3 (75th
percentile), whiskersindicate 1.5 IQR, and dots indicate outliers (>1.5x IQR).f,g,
Kaplan-Meier plots stratified using IFM4, which was binarized as follows: class 1,
IFM1 highand topic 7 (IFM3) low group; class 2, all other participants (that is, either
low IFM1and/or high topic 7 (IFM3); HR, 95% Cl and log-rank Pvalue) for cohort 1(40
individuals with CRC; g) and cohort 2 (34 individuals with CRC; h).

We anticipate many opportunities for joint learning from H&E and IF
data using adversarial, reinforcement and other types of ML/Al mod-
eling for research purposes, development of biomarkers and analysis
of clinical H&E data at scale’.

A surprising number of pathology workflows involve staining
serial sections of a specimen with one IHC biomarker each; the Orion
approach can simplify such workflows to single-section imaging. For

example, Immunoscore is a pathology-driven clinical test that uses
H&E and multiple IHC sections to determine the distribution of specific
immune cell types at the tumor margin and predict outcome (time to
recurrence) for individuals with CRC. In this paper, we reproduced
the logic of Immunoscore with Orion data plus automated scripts
and show that it is possible to improve on it using additional immune
markers (as measured by HRs computed from PFS data; see limitations
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section below)*. In a distinct but complementary approach, we show
that IF data and spatial modeling (LDA) can be used to identify cell
neighborhoods significantly associated with CRC progression. The
top-performing feature in this case is tumor cell intrinsic and based
on the distributions of cytokeratin and E-cadherin, two epithelial cell
markers. Why exactly this feature is prognosticis unclear from IF data
alone; other features involving similar markers are not predictive.
However, inspection of corresponding H&E data (and training of an ML
model) showed that LDA had identified local tumor morphologies typi-
cal of poorly differentiated/high-grade tumors with stromalinvasion,
increasing our confidence in the model. Theimmediate availability of
Orion as acommercial platform and our use of open-source software
and Open Microscopy Environment-compliant® and Minimum Infor-
mation about Tissue Imaging-compliant®® data standards make further
development of these approaches straightforward.

Although the images in this paper represent a large dataset by
the standards of high-plex whole-slide IF imaging, the number of
specimens and the composition of the cohort is insufficient for IFMs
to be considered validated biomarkers or clinical tests. Systematic
meta-analysis has identified a range of factors that negatively impact
thereliability and value of prognostic biomarkers*’, particularly those
based onnew technology and multiplexed assays. Inthe current work,
specificlimitationsinclude arelatively small cohort size, the absence of
preregistration and the acquisition of specimens from asingle institu-
tion. As aresult, we do not fully control for all relevant covariates (for
example, depthof invasion, sex, age, race, clinical stage and soon), and
more progressors were included in our cohort thanwould be observed
inanunselected population, biasing the cohort to more serious disease
(-50% 2-year disease-free survival for stage Ill colon cancer in our cohort
versus anaccepted value of ~-80%) (ref. 60). These and other limitatons
areaddressable with more diverse sets of tissue blocks, and we antici-
patethatit will be feasible to progressin afew years to validated clinical
tests that can be added to CRC treatment guidelines**, substantially
improving opportunities for personalized therapy.

Methods

Ethics and tissue cohort

The research described in this manuscript complies with all relevant
ethicalregulations and was reviewed and approved by the Institutional
Review Boards (IRBs) at BWH, HMS and Dana Farber Cancer Institute
(DFCI). FFPE tissue samples were used after diagnosis, and informed
written consent was acquired under DFCI IRB protocol 17-000 and a
discarded excess tissue protocol. Two cohorts from the same biobank
were assembled, the first with 40 individuals with stage II-IV CRC and
the second with 34 individuals with no consideration for the sex of the
participants. Allsamples were collected at the time of initial diagnosis.

Tissue preparation

Blocks of FFPE tonsil (AMSBIO, 6022CS) and lung adenocarcinoma
(AMSBIO, 28004 ), and multi-tissue TMA (HTMA427) and colorectal
adenocarcinomas from the BWH Pathology Department archives were
cutat5-pmthickness using arotary microtome, and the sections were
mounted onto Superfrost Plus microscope glass slides (Thermo Fisher,
12-550-15). The slides were dried at 37 °C overnight and baked at 59 °C
for1h.Slides were stored at 4 °C until use.

Fluorophores for Orionimaging

The Orioninstrument is designed to work with optimized ArgoFluor
dyes (RareCyte) whose emission peaks cover the spectrum fromgreen
tofarred (Supplementary Table 2). Although the instrument canalso
be used with other commercially available dyes, ArgoFluor dyes have
been strategically chosen based on resistance to photobleaching,
narrow excitation and emission spectraand high quantum efficiency.
To date, RareCyte has optimized 18 ArgoFluor dyes, with others in
development.

IF antibodies

Antibodies (listed in Supplementary Table 2) were obtained from
vendorsin carrier-free PBS and were conjugated directly to biotin for
«-SMA and digoxygenin for pan-cytokeratin or to ArgoFluor dyes using
amine conjugation chemistry. Labeling efficiency was determined
using absorbance spectroscopy, and the conjugated antibodies were
diluted in PBS-antibody stabilizer (CANDOR Bioscience, 130050) to a
concentration of 200 pg ml™.

IF staining

Slides were deparaffinized and subjected to antigen retrieval for 5 min
at 95 °C followed by 5 min at 107 °C using EZ-AR 2 Elegance buffer
(pH 8.5; BioGenex, HK547-XAK). To reduce tissue autofluorescence,
slideswere placedinatransparent reservoir containing 4.5% hydrogen
peroxide and 24 mM NaOH in PBS and illuminated with white light for
60 min followed by 365-nm light for 30 min at room temperature, as
previously described. Slides were rinsed with surfactant wash buffer
(0.025% Triton X-100 in PBS), placed in a humidified stain tray and
incubated in Image-iT FX signal enhancer (Thermo Fisher, 136933)
for 15 min at room temperature. After rinsing with surfactant wash
buffer, the slides were placed in a humidity tray and stained with the
panel of fluor- and hapten-labeled primary antibodies in PBS-antibody
stabilizer (CANDOR Bioscience, 130050) containing 5% mouse serum
and 5% rabbit serum for 2 h at room temperature. Slides were then
rinsed again with surfactant wash buffer, placed in a humidified stain
tray and incubated with Hoechst 33342 (Thermo Fisher, H3570), Argo-
Fluor 845 mouse anti-DIG and ArgoFluor 875-conjugated streptavidin
in PBS-antibody stabilizer containing 10% goat serum for 30 min at
roomtemperature. The slides were rinsed a final time with surfactant
wash buffer and PBS, coverslipped with ArgoFluor mounting medium
(RareCyte) and dried overnight.

ArgoFluor-antibody conjugate stability testing

Antibody accelerated aging studies were performed to determine
ArgoFluor-antibody conjugation stability. Reagent stability was meas-
ured using the ratio of quantitative metrics obtained with the acceler-
ated condition (21.6 °C) to those obtained with the storage condition
(-20°C).Fortesting on tissues, single-cell mean fluorescence intensity
(MFI) data obtained by imaging FFPE tonsil tissue stained with an Argo-
Fluor conjugate were gated using a Gaussian mixture model to obtain
the percentage of positive cells and signal:background (S:B) values (S
and B refer to the MFI of cells with values above (S) and below (B) the
gated threshold). To perform fluorophore stability assessments, bead
MFI data were obtained by imaging immunoglobulin capture beads
incubated with (S) or without (B) the ArgoFluor conjugate. For binding
stability assessments, data from peripheral blood mononuclear cells
stained with the ArgoFluor-conjugated antibody were assessed in a
fluorescence-activated cell sorter and manually gated to obtain the
percentage of positive cells and S:B values.

The Orion method and instrumentation

Inthe Orioninstrument, ArgoFluor-conjugated antibodies along with
Hoechst dye and tissue autofluorescence were excited by seven laser
lines, ranging from 405to 730 nm (Supplementary Table 2). To separate
the overlapping emission spectra, images were captured through a
set of nine bandpass filters, which can achieve a tunable narrow band
detection window (10-15 nm) throughout the spectrum from 425 nm
to 894 nm. For a specific sample, the detection bands were chosen to
optimize color separation,implemented with RareCyte’s Artemis soft-
ware. Tuning of emission filters is based on the well-known fact that the
spectrum of a thin-film interference filter shifts toward shorter wave-
lengths when the angle of incidence shifts away from 0° (orthogonal to
thefilter surface). The filters were motorized such thatany narrow band
of10-15 nm canbe achieved across the entire fluorescence spectrum.
Narrow bandpass emission channelsimprove specificity; the resulting
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lower signaliis overcome by using high-power excitation lasers, which
yield power at the sample plane ranging from 270 to 600 mW, more
than ten times greater than a typical fluorescence microscope.

Considerations in the development of Orion antibody panels

High-plex imaging exploits the fact that the greater the number of
features collected, the greater the ability to distinguish lineages and
states at a single-cell level. The ability of the Orion imaging platform
to discriminate among multiple antibody-fluorophore conjugates is
dependent onthe degree of spectral overlap among the fluorophores,
the intensity and spectral profile of overlapping autofluorescence or
background signals and the difference between the most intense stain-
ingofhighly expressed proteins and the weakest stain of low-abundance
proteins. Panel design with the Orion platform involves assigning bio-
markers to channels with the appropriate sensitivity ranges while man-
aging spectral overlap between markers that are colocalized. Orion
imaging technology is compatible with 20-plex one-shot fluorescence
image acquisition (19 antibodies plus Hoechst nuclear stain), and the
necessary researchinto ArgoFluoris ongoingto achieve thisonaroutine
basis. In the current work, we found that 17-plex antibody panels were
easier to achieve at an acceptable SNR given the endogenous fluores-
cence of tonsil and CRC tissue. We anticipate that, with relatively few
additions and substitutions, the panel we developed for CRC will work
well with other common tumor types (for example, lung, breast and
melanoma). In cases in which more precise immunophenotyping is
desired, a second-cycle Orion panel of similar complexity is possible.
The prognostic IFMs we describe in this paper could be acquired using as
few as 8-12 channels. Thus, optimal Orionimaging and staining strate-
giesinbothresearchand clinical settings are likely to rely on the use of
both preset high-plex and lower-plex lower-cost ‘mix and match’ panels.

One-shot antibody IF imaging with the Orion instrument

Whole slides were scanned on the Orioninstrument using acquisition
settings optimized for the specific antibody panels. Briefly, acquisition
channel parameters were defined for each biomarker plus anadditional
channel dedicated totissue autofluorescence and included excitation
laser, emission CWL and exposure times. The nuclear channel was
scanned at low resolution to identify tissue boundaries, followed by
surface mapping at x20 to find the tissue in the zaxis. Whole tissue was
acquired at x20 following the surface map within the specified tissue
boundaries by collecting all channels for a single field of view (FOV)
before proceeding to the next partially overlapping FOV. Raw image
files were processed to correct for system aberrations, and signals
from individual targets were then isolated using the spectral matrix
obtained with control samples, followed by stitching of FOVs to gener-
ate acontinuous open microscopy environment pyramid TIFF image.

Same-section H&E staining and imaging

After Orion imaging was complete, slides were decoverslipped by
immersionin1x PBS at37 °C until the coverslips fellaway fromthe slide.
Slides were rinsed in distilled water for 2 min and stained by a routine
regressive H&E protocol using Harris hematoxylin (Leica, 3801575) and
alcoholic eosin Y (Epredia, 71211). Coverslipping was performed with
toluene-based mounting medium (Thermo Scientific, 4112). After dry-
ingfor24 h, slides were scanned on an Orion systemin brightfield mode
using the same scan area used for IF image acquisition. H&E images were
also acquired using an Aperio GT450 microscope (Leica Biosystems),
and the H&E images were registered to the IF images using ASHLAR® and
PALOM v2022.3 (https://github.com/labsyspharm/palom) software.

Pathology annotation of H&E images

H&Eimages were annotated by aboard-certified anatomic pathologist
(S.C.andS.S.) in OMERO PathViewer software on whole-slide images
according to morphologic criteria® that included normal mucosa,
hyperplastic mucosa, adenomatous mucosa (tubular or serrated),

invasive adenocarcinoma (tumor), lymphovascularinvasion, perineu-
ral invasion, secondary lymphoid structures/Peyer’s patches, TLSs,
lymphoid aggregates (without identifiable germinal center formation)
and lymph nodes. TLSs were morphologically defined by the pres-
ence of alymphoid aggregate with germinal center formation and an
anatomic distribution and appearance inconsistent with asecondary
lymphoid structure (Peyer’s patch or lymph node).

CyCIF imaging

Tissue-based CyCIF was performed as previously described" follow-
ing the methods available in protocols.io (https://doi.org/10.17504/
protocols.io.bjiukkew)®. Data from specimens CO1-C17 were acquired
aspreviously reported®, and computed cell counts were compared in
this study to cell counts derived from Orionimages of adjacent sections
from the same specimens. ABOND RX automated slide stainer (Leica
Biosystems) was used to bake FFPE slides at 60 °C for 30 min. Dewax-
ing was performed using Bond Dewax solution at 72 °C, and antigen
retrieval was performed using BOND epitope retrieval solution 1 at
100 °C for 20 min. Slides then underwent multiple cycles of antibody
incubation,imagingand fluorophoreinactivationto performthe CyCIF
process. All antibodies were incubated overnight at 4 °C in the dark.
Slides were stained with Hoechst 33342 for 10 min at room temperature
in the dark following antibody incubation in every cycle. Coverslips
were wet mounted using 200 pl of10% glycerol in PBS before imaging.
Images were acquired using a x20/0.75-NA objective on a CyteFinder
slide scanning fluorescence instrument (RareCyte). Fluorophores were
inactivated by incubating slides in asolution of 4.5% hydrogen peroxide
and 24 mM NaOH in PBS and placing under an LED light source for1h.
To perform CyCIF following Orionimaging, slides wereimmersed in 1x
PBS at 37 °C until the coverslips fell away from the slide. The standard
CyCIF method was subsequently performed on these slides.

IHC
FFPE sections were deparaffinized and dehydrated, and endogenous
peroxidase activity was blocked.

Antigenretrieval was performed for 20 minat100 °C at pH 9 using
BOND epitope retrieval solution 2 (Leica Biosystems). Detection was
achieved using a Bond Polymer Refine Detection DAB chromogen kit
and counterstaining with hematoxylin. Slides were scanned using a
RareCyte CyteFinder instrument. Primary antibodies used in IHC are
listed in Supplementary Table 2.

Orionimage processing and data analysis

Stitching, channel registration, illumination and geometric distortion
correction were performed with Artemis software on the Orion plat-
form, and single-cell data analysis was then performed using MCMICRO
modules® including UNMICST2 with cell masks that involved 5-pixel
dilation of the nucleus mask. Mean intensity of each channel and mor-
phological features were quantified for each cell.

Analysis of channel cross-talk

Single-plex tonsilimages. Tonsil FFPE sections stained with single anti-
body-ArgoFluor underwentstandard acquisition and extraction process-
ingusingthe Orioninstrument. The pixelintensities of all 18 channels from
17samples were used to quantify bleed through of agiven antibody-Argo-
Fluor complexto the other channels before and after spectral extraction.

Eighteen-plex tonsil image. Pearson’s correlation coefficients
between all channel pairs were computed using pixel intensities in
the 18-plex tonsilimage before and after spectral extraction.

Computational analysis of Orionimages and derivation of IFMs
IFM computation from Orion data. IFM1 was designed to replicate
the logic of the Immunoscore method and was calculated ina semiau-
tomated manner using Orion data. In brief, quantitative data of tumor
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and immune markers (pan-cytokeratin, CD3e and CD8a) were gated
for high and low cells using a Gaussian mixture model and confirmed
by inspection. After gating, the pan-cytokeratin® cells were then used
to generate tumor masks using a k-nearest neighbor model (kernel
size =25 cells). The tumor margins were derived from tumor masks by
expanding 100 pumin either direction from the point of stroma-tumor
contact. The CD3"and CD8* fraction, defined as marker-positive cells
divided by the total of all successfully segmented cells of all types in
either the TC or IM. Tumor and margins were enumerated indepen-
dently in each sample. The median values of all samples were used as
acutoffto define asubscore as follows: below the median scored as 0
and above the median scored as 1. The final IFM1 value was calculated
byaddingtogether the subscoresfor CD3"and CD8" cellsinthe TC and
IM regions (see Fig. 4b for a flow diagram). The IFM1 score therefore
ranged from O (CD3" and CD8" low in both regions) to 4 (CD3" and
CD8" highinboth regions). Similar logic was used to generated other
combinations of IFMs. Thirteen selected immune markers (CD3,CDS8,
CD45, CD45R0, CD68, CD163, CD4, CD20, a-SMA, FOXP3, PD-1 and
PD-L1) were gated as described above, and 26 parameters (each marker
inthe tumor or tumor-stromalinterface regions) were generated. The
complete combination of 4 of 26 parameters was tested against PFS
days for HR. IFM2 was the third best IFM among those combinations,
excluding the first and second best combinations, which had some
of the same markers as IFM1 (that is, CD3 and CD8); the difference in
performance between the top-performing models was insignificant.

Leave-one-out test and bootstrapping analysis for IFM2. In the
leave-one-out test, the ranks of IFM1 and IFM2 were recalculated with
the 40 sets of samples (N=39); each set left out one sample from the
original cohort. The collections of ranks from IFM1and IFM2 were then
tested witha pairwise ¢-test. For bootstrapping, the 500 sets of randomly
selected samples were used to recalculate the HRs of IFM1 and IFM2 as
described above. The collections of HRs from IFM1and IFM2 were then
tested witha pairwise ¢-test. To adjust for multiple hypotheses, the Ben-
jamini-Hochberg procedure was used with afalse discovery rate of 0.1.

LDA for IFM3 and IFM4. LDA was used to compute spatial neighbor-
hoods as previously described®. First, each sample was divided into
‘grids’of 200 um (ref. 2), and marker frequency was calculated ineach
grid. The summarized probabilities of all samples were then used to
generate the LDA model with12 topics using collapsed Gibbs sampling
in MATLAB. The optimal topic number was determined via varying
numbers (between 8 and 16) of topics and evaluating the goodness of
fitby calculating the perplexity of a held-out set. After fitting a global
LDA model, the individual samples were then applied with the same
models to assign topics at the single-cell level.

CNN toidentify IFM3 in H&E images

A publicly available DenseNet161 model®* trained with the 100,000
CRC H&E dataset® was used to classify the post-Orion H&E image
patches (112 um?) for all the CRC samples. WSI patch prediction was
performed with TIAToolbox v1.1.0 (ref. 64) on a Windows PC with a
Nvidia GeForce GTX 1080 graphics card and batch size of 32. Model
performance was reported as F; = 0.992. The model has nine output
classes: adipose (ADI), background (BACK), debris (DEB), lymphocytes
(LYM), mucus (MUC), smooth muscle (MUS), normal colon mucosa
(NORM), cancer-associated stroma (STR) and colorectal adenocarci-
nomaepithelium (TUM). Scripts for reproducing the inference results
can be found at https://github.com/labsyspharm/orion-crc)®®.

The transfer learning of a GooglLeNet model was performed as
follows. First, image patches of 224 x 224 pixels were generated from
post-Orion H&E images, and the LDA topics were assigned to each patch
using Orion data. To exclude low-confidence training data, only patches
with more than 20 cells and a dominant topic of >60% were used in
the analysis. The selected patches were than separated into training,

validation and test sets at a ratio of 0.6:0.2:0.2. The training was done
with MATLAB (version 2019b), and the results are shown in Extended
DataFig. 8b. Training parameters are listed in Supplementary Table 5.

Statistics and reproducibility

Each multimodalimage of atissue sectionis unique because H&E-stained
specimens cannot be reanalyzed by IF. This is a common limitation of
high-plex tissueimaging methods inwhich destructive data collection
or tissue damage limits reacquisition of data. Reproducibility of the
Orion approach was therefore estimated by performing imaging on
serial sections using two instrumentsin two different locations (Seattle
and Boston), as shownin Extended Data Fig. 4, and by comparing Orion
with CyCIF images of serial sections as shown in Extended Data Fig. 4.
Image analysis assumed multimodal log-normal intensity distributions
separable using Gaussian mixture models, but this was not formally
tested for all specimens. IFMs were trained on a 40-specimen cohort
andtested onanindependent of cohort of 34 specimens from different
individuals. Specimen sample number was limited by the availability of
tissue blocks from the BWH pathology archives. No statistical method
was used to predetermine sample size, and no data were excluded from
theanalyses. The experiments were not randomized, and the investiga-
tors were not blinded to allocation during experiments and outcome
assessment. These and other limitations of this study are described in
the Discussion. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Outcome analysis

Forallsurvival analyses, we used acombined survival endpoint of PFS
thatencompasses both time to disease recurrence for individuals who
underwent curative-intent resections (disease-free survival; PFS) and
time to progression for individuals with measurable disease (PFS). We
used PFSin this paper because itis more familiar. Outcome analysis was
performed using Kaplan-Meyer estimation and a log-rank test using
the MatSurv function in MATLAB?. Cutoffs for IFM1, IFM2 and IFM3
were selected at the median value of the entire cohort, and the cutoff
forIFM4 was selected based onIFM1and IFM3, as described earlier. HRs
and confidenceintervals were calculated with the log-rank approach:
HR = (0,/E,)/(O/E,), where O, and Oy are the observed events in each
group, and £, and £, are the number of expected events.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allimages and derived data are available without restriction via the
NCI Human Tumor Atlas Network Portal (https://humantumoratlas.
org/explore) in accordance with NCl Moonshot Policies. The Human
Tumor Atlas Network participant (specimen) ID numbers are listed in
Supplementary Table 3. All other data supporting the findings of this
study are available via anindex page on GitHub that has been archived
onZenodo (https://doi.org/10.5281/zenodo0.7637655) (ref. 66). Source
data are provided with this paper.

Code availability

Image and data analyses were performed using customized scripts
in Python, ImageJ and MATLAB. All code is available under an MIT
open-source license viaanindex page on GitHub that has been archived
onZenodo (https://doi.org/10.5281/zenodo0.7637655) (ref. 66).
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Features of the fluorophores, signal extraction,
antibodies, cell type calling, and instrumentation used in the Orion™
Method. a, Schematic of the Orion optical system. The Orion imaging system has
fluorescence and brightfield imaging modes. Fluorescence imaging: A 7-color,
class1laser was used toilluminate asample slide. Emission light from the sample
isredirected through a tunable emission filter prior to collection by asCMOS
camera. Brightfield imaging: The Orion system utilizes LED transillumination
ofthe microscope slide sample. Transmitted light follows the same path as the
fluorescence emission, with the exception that awindow is used instead of an
emission filter. b, Emission spectra of the ArgoFluor dyes with overlaid filter
profiles. Each row shows fluorophores excited using the same laser (denoted

by the colored vertical line). See Supplementary Table 2 for excitation laser
wavelengths and fluorophoresin channel 1 through 18. The 405-laser data was
collected from tonsil tissue stained with Hoechst 33342; 445-laser data from
unstained lung tissue. All other data was collected from single color Ig-capture
beads (generated by incubation with antibodies conjugated to the indicated
ArgoFluor dye). Per sample, data was collected in multiple Orion channels,
spanning awide range of wavelengths (in2 nm center wavelength increments).
¢, Single channelimages of FFPE tonsil section stained, imaged, and processed

with Orion showing distinct spatial patterns and minimal channel crosstalk. d,
Celltype calling dendrograms for Orion image analysis for colorectal cancer
(left) and lung cancer (right). e, Stability of ArgoFluor 572 conjugated anti-CD4
antibody. Reagents were stored at an accelerated aging condition (21.6 °C) or the
recommended condition (=20 °C). Storage for 3.5 months at 21.6 °Cis equivalent
to Syearsat-20 °C based on the Arrhenius equation. Fluorochrome property: The
intensity of Ig-capture beads incubated with (signal) or without (background)
antibody was measured from Orion images. The histogram overlay shows the
intensity distribution for beads that were unlabeled or incubated with antibody
and stored for 3.5 months at —20 °C or 21.6 °C. The mean fluorescence intensity
(MFI) and the MFl signal-to-background (S:B) ratios were obtained across 7 time
points. Epitope recognition: Human peripheral blood mononuclear cells (PBMC)
were stained with accelerated-aged or real-time-aged ArgoFluor 572 conjugated
anti-CD4 antibody and analyzed using flow cytometry. The MFl was obtained for
the positive and negative populations to derive S:B ratios. Tissue staining: Orion
images of serial sections from FFPE tonsil stained with real-time aged (top) and
accelerated-aged (bottom) antibodies. These methods demonstrate equivalent
performance for both storage conditionsin the three assays.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Orionimaging of different cancer types (colorectal
and lung) and assessment of channel crosstalk. a. Images of H&E-stained
sections of colorectal cancer performed before IF imaging (no IF cycles)

and after one cycle of IFimaging (1IF cycle) showing excellent preservation

of staining intensity and morphology. Scalebars 5mm. Images from one
sample. b, Representative images of 20-plex Orion panel from a primary lung
adenocarcinomasample. Note: two PD-L1 antibodies were used, PD-L1 (green)
is EIL3N clone from Cell Signaling and PD-L1*(red) is EPR19759 from Abcam.
Scalebars 50 pm. Images from one sample. ¢, 16-plex (18 channel) Orion image
from atissue microarray (TMA) containing normal and diseased human tissues

including inflammatory and neoplastic diseases (Examples highlighted are lung
squamous cell carcinoma (SCC), prostate adenocarcinoma, and breast ductal
carcinoma); DNA, pan-cytokeratin, Ki-67, a-SMA, CD45 and CD31 are displayed.
Scalebars2mmand 400 pm, as indicated. Images from one TMA containing

123 patient samples. d, Validation of minimal channel crosstalk in 18-plex tonsil
image after spectral extraction. Pearson’s correlation coefficients between all
channel pairs were calculated using the paired pixel intensities. Square boxes
with colored borders denote excitation lasers. High correlation coefficients
were only found in channel pairs that contains target markers that arein close
proximity. Datawas derived from a selected frame of (N=1) image.
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Extended Data Fig. 3| Qualifying 16-plex single-shot Orion antibody panel
relative toimmunohistochemistry and Cyclic Immunofluorescence
(CyCIF). a, Panels of images from FFPE tonsil sections showing single-antibody
immunohistochemistry (IHC) for the indicated markers and matching channels
extracted from the 16-plex Orionimmunofluorescence (IF) images (H&E stain
was performed on the same section as the Orion imaging). Scalebars 50 um.
Images are from one representative tonsil specimen. b, Plots of the fraction of

positive for the indicated markers (CD45, CD68, CD20, CD4, FOXP3) from whole-

slide Orion IF and CyCIF images acquired from two adjacent sections of 29 FFPE
colorectal cancer specimens. Pearson correlation coefficients are indicated.c,
t-distributed stochastic neighbor embedding (t-SNE) plots of cells from Orion IF
image. Log transformed marker intensities (CD31, CD20, E-cadherin, Ki-67) were
used to color the dots in each panel. Fig. 2d contains tSNE plots for additional
markers and the inferred cell types. Single cell data is from one representative
specimen (CO1).
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Extended Data Fig. 5| Immunofluorescence and H&E images following
multiple cycles of Orionimaging. a, Left panel: Orion image of FFPE tonsil
showing DNA (Sytox), CD31, CD20, CD3e, CD45 and a-SMA). Scalebars 1 mm.
ROIs1to 4 displayed in Fig. 2e are noted. Scalebar 50 pm. Right panel: H&E image
after two cycle Orion imaging (that is, after imaging of one panel, inactivation,
and imaging of a second panel). Scalebars 1 mm. b, Top panel: Orion image of
normal colon showing E-cadherin, CD11b, CD45, CD163, Ki-67, and DNA (Sytox)
signal. Lower panel: same area of normal colon following inactivation of Orion
fluorophores (see Methods). ¢, Same-slide Orion and CyCIF experiment. The
tonsil samples were first processed with 16 Orion antibodies; PD-L1, CD4, CD8a,
Ki-67, and a-SMA are shown. After imaging, fluorophores were inactivated by
bleaching using the standard CyCIF protocol, then three-cycles of four-channel

CyCIF staining and imaging were performed using the indicated antibodies. d,
Images of H&E-stained sections of colorectal cancer without prior IF staining
(right) and following 10 cycles of IF (left) using the standard CyCIF approach.
Areashownininsetsisindicated in the low magnification images. Scalebars 5mm
and 100 pum. e, Images of H&E-stained sections of colorectal cancer performed
before IF imaging (O cycles), after one cycle of IF imaging (11F cycle), and after
two cycles of IFimaging (2 IF cycles). Scalebars 200 um. f, Orion IF image from
colorectal cancer resection, showing an area of serrated adenoma with low
pan-cytokeratin expression (markers as indicated). Higher magnification inset
asindicated by the box is shown in Fig. 3f. Scalebar 3 mm. Images are from one
specimen (C26).
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Assessment of individual markers inImage Feature
Models of patient prognosis derived from Orion immunofluorescence
images. a, Upper: Ranking of 1/hazard ratio (HR) for each Image Feature Model
(IFM1to IFM14,950) calculated by determining the positive cell frequency for
one or more of 13 markers, lying within (tumor center: CT) or outside of aregion
100 pm from the tumor invasive margin (IM) model (V=40 patients). Ranking of
IFM1is indicated. IFM2 showed an HR = 0.08 (95% CI: 0.04-0.17, p=1.91x107%).
Lower: Heat map showing the selected markers at the tumor or marginin each
combination. 14,950 total combinations were generated as the set of 4 out of 26
parameters (13 markersin 2 regions). b, Enrichment plots showing enrichment
scores (ES) for positive cells per indicated marker (and their location in the tumor
or at the tumor margin) based on the 16-plex Orion images, indicating whether
the marker/location feature is enriched in the IFMs linked to the best hazard
ratios. The green lines represent the running ES for a given marker/location as
the analysis proceeds down the ranked list. The value at the peak is the final ES.

The Kolmogorov-Smirnov test was used to calculate the ES and p-values (N=40
patients). ¢, Regression line scatter plot showing fraction of positive cells for
indicated markers from the Orion 16-plex images vs. progression-free survival
(PFS, days) for 40 patients with CRC. Each dot represents measurements from
asingle patient. r per plotis displayed. d, Plot bootstrapping HRs from IFM1
and IFM2 (unadjusted p =4.62 x 10 and adjusted p = 6.9 x10%'). Related to
Fig. 5b. Detailed analysis is described in Methods. Pairwise two-tailed ¢-tests
were used unless otherwise mentioned. Box and whisker represents N =500
(random sampling), where midline = median, box limits = Q1 (25th percentile)/
Q3 (75th percentile), whiskers = 1.5 inter-quartile range (IQR), and dots =
outliers (>1.5IQR). e, Representative Orion IF images of cases with high IFM2 (IS
=4 inspecimen C34) and low IFM2 (IS= 0 in specimen C09). Scalebars 5 mm.
Higher magnification regions of interest shown in Fig. 5d. Images are from 2
representative patients/samples.
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Extended Data Fig. 7 | See next page for caption.

Nature Cancer


http://www.nature.com/natcancer

Technical Report

https://doi.org/10.1038/s43018-023-00576-1

Extended Data Fig. 7| Cellular neighborhoods in colorectal cancer
resections. a, Latent Dirichlet Allocation (LDA) probabilistic modeling was used
to analyze Orion immunofluorescence data from 40 colorectal cancer specimens
toreduce cell populations into neighborhoods (‘topics’) defined by patterns

of single-cell marker expression. The analysis identified 12 topics that recurred
across the dataset. Within each box is the LDA plot for the indicated topic (top)

and aregression line scatter plotindicating the fraction of each tumor composed
oftheindicated LDA topic and the relationship to progression-free survival (PFS,
days). Each dot represents measurements froma single patient. r value for each
plotisdisplayed. b, Bar plot depicting the proportional distribution of the LDA
Topicsinthe 40 colorectal cancer specimens.
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Extended Data Fig. 8 | Evaluation of the performance of a Convolution Neural
Network used to identify cellular neighborhood Topic 7 from H&E images of
colorectal cancer. a, Kaplan Meier plots of PFS for 40 CRC patients based on the
fraction of Topic 7 present in the tumor domain and stratified using a threshold
(‘cutoff’) of 60" percentile (left) and 757 percentile (right) (HR, hazards ratio;
95% confidence interval; logrank p-value). b, Confusion matrix table showing
performance of GooglLeNet convolutional neural network (CNN) trained using

H&E data from Latent Dirichlet Allocation (LDA) Topic 7 and its performance in
identifying Topic 7 cells from H&E data. Topic O contains the rest of the topics
(3,5,6,9,10,11,12). Target class (ground truth) was assigned from LDA analysis
of Orionimages and Output class (predicted) was assigned by the GooglLeNet
CNN. ¢, Gallery of representative H&E images of true positives for topic 8 from 10
patients/specimens (C01-C10); Scalebars 50 pm.
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CyCIF images of a CRC tumor rich in Topic 7 cells

Specimen C06

Sytox
Na-K ATPase

Sytox SMA
Na-K ATPase

Sytox

Na-K ATPase
Extended Data Fig. 9 | CyCIF imaging of Topic 7 tumor cells. CyCIF imaging areindicated. Scalebars,2 mm, 0.5 mm, 50 pm, asindicated. The mesenchymal
of regions of specimen C06 which had a high fraction of Topic 7 cells. The CyCIF differentiation/EMT-marker ZEBI (nuclear blue signal) is present in stromal cells
image is from anon-adjacent section to that used for Orion data section. Images (white arrow) but absent in the tumor cells (marked by pan-cytokeratin, red;

show DNA (Sytox), ZEB1, a-SMA, NA-K ATPase, pan-cytokeratin. Location of insets  yellow arrow). Images here are from one sample (C06).
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Antibodies used Clone information and RRID of primary and secondary antibodies used in the manuscript can be found in Supplementary Table 2. =
<Y}
Target,Clone,Antibody RRID,Concentration <
CD31,EPR3094,"RareCyte Cat# 52-1005-501, RRID:AB_2922783",2 pg/mL
CD45,D9M8I,"RareCyte Cat# AFAB-010-B, RRID:AB_2922785",1 pug/mL
CD68,KP1 + C68/684,"RareCyte Cat# 52-1008-501, RRID:AB_2922786",0.5 ug/mL
CD4,NIUGO,"RareCyte Cat# 52-1002-501, RRID:AB_2922787",2 ug/mL
FOXP3,236A/E7,"RareCyte Cat# AFAB-018-B, RRID:AB_2922788",2 ug/mL
CD8a,AMC908,"RareCyte Cat# 52-1003-601, RRID:AB_2922789",0.5 ug/mL
CD45R0O,UCHL1,"RareCyte Cat# 52-1007-601, RRID:AB_2922790",2 pug/mL
CD20,1.26,"RareCyte Cat# 52-1004-601, RRID:AB_2922791",1 pug/mL
PD-L1,E1L3N,"RareCyte Cat# 52-1018-601, RRID:AB_2922792",2 ug/mL
CD3e,D7A6E,"RareCyte Cat# 52-1001-601, RRID:AB_2922793",4 ug/mL
CD163,EPR14643,"RareCyte Cat# AFAB-014-B, RRID:AB_2922794",1 pg/mL
E-Cadherin,4A2,"RareCyte Cat# 52-1010-701, RRID:AB_2922795",2 pug/mL
PD-1,EPR4877(2) ,"RareCyte Cat# 52-1017-701, RRID:AB_2922797",1 pg/mL
Ki67,D3B5,"RareCyte Cat# AFAB-021-B, RRID:AB_2922798",2 ug/mL
Pan-CK (DIG),AE1/AE3/C11,"RareCyte Cat# 52-1015-801, RRID:AB_2922799",5 ug/mL
SMA (BIO),1A4,"RareCyte Cat# 52-1023-111, RRID:AB_2922801",2 pg/mL
Validation Each ArgoFluor™ conjugated primary antibody was validated by comparing single-plex Immunofluorescence (IF) staining patterns to

the patterns obtained by gold-standard indirect Immunohistochemistry (IHC) on tissue sections known to express the antibody
targets.
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