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Abstract

The human kidney is composed of many cell types that vary in their abundance and distribution
from normal to diseased organ. As these cell types perform unique and essential functions,

it is important to confidently label each within a single tissue to accurately assess tissue
architecture and microenvironments. Towards this goal, we demonstrate the use of co-detection
by indexing (CODEX) multiplexed immunofluorescence for visualizing 23 antigens within the
human kidney. Using CODEX, many of the major cell types and substructures, such as collecting
ducts, glomeruli, and thick ascending limb, were visualized within a single tissue section. Of
these antibodies, 19 were conjugated in-house, demonstrating the flexibility and utility of this
approach for studying the human kidney using custom and commercially available antibodies. We
performed a pilot study that compared both fresh frozen and formalin-fixed paraffin-embedded
healthy non-neoplastic and diabetic nephropathy kidney tissues. The largest cellular differences
between the two groups was observed in cells labeled with aquaporin 1, cytokeratin 7, and a.-
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smooth muscle actin. Thus, our data show the power of CODEX multiplexed immunofluorescence
for surveying the cellular diversity of the human kidney and the potential for applications within
pathology, histology, and building anatomical atlases.
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INTRODUCTION

The kidney is composed of over 20 cell types that can be further subdivided into discrete
subpopulations, each performing an essential function for human health.1:2 Often, these cell
types are implicated in the transition to disease states, such as diabetic nephropathy.3-5
Immunohistochemical approaches are the standard for labeling cell types and structures
within a tissue matrix because of their inherent specificity, application to a wide variety of
protein targets, and insight into biochemical pathways.8” Fluorescently tagged antibodies
are often used because they provide low background for high signal-to-noise imaging at
spatial resolutions between 250 nm to 1 um.8:2 Fluorescence experiments, however, are
limited in plexity to ~4-7 antibodies because of spectral overlap between commonly used
fluorophores.10-12 Traditional cyclic multiplexed immunofluorescence approaches consist of
antibody application, imaging, and fluorescence inactivation/bleaching before starting a new
cycle. These methods increase the number of imageable targets between 20-60 for large
tissue areas but are ultimately limited by tissue distortion, antibody-antibody interactions,
and longer incubation times.13

Recently, co-detection by indexing (CODEX) multiplexed immunofluorescence (IF) was
developed to improve multiplexed imaging efforts to over 50 antigens.141° Briefly,
oligonucleotide barcodes are conjugated to primary antibodies and all primary antibodies
are incubated and fixed to either fresh frozen or paraffin embedded tissue. Complementary
oligonucleotide barcodes attached to fluorophores are serially added, imaged, and removed
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to build highly multiplexed imaging datasets without significant tissue degradation. Here, we
demonstrate the power of CODEX IF to image 23 proteins and their respective cell types
within multiple human kidneys using a mixture of commercial and in-house conjugated
antibodies. This multiplexed IF workflow has comparable or higher plexity than other
multiplexed imaging approaches produced to date and can image larger tissue areas (on

the order of mm?2) than multiplexed technologies such as imaging mass cytometry and
multiplexed ion beam imaging,16:17 demonstrating the potential of this technology for
exploring cellular heterogeneity within the human kidney.

METHODS

Normal portions of renal cancer nephrectomies from adult patients were studied in addition
to kidneys from diabetic nephropathy patients. Tissue blocks were frozen over an isopentane
dry ice slurry, and 10 um sections were thaw-mounted onto glass cover slips. These
sections were then fixed and incubated with a mixture containing all primary antibodies.
Secondary oligonucleotide sequences were automatically added and removed serially for
multiplexed visualization on a single section without spectral overlap or over saturation
(Figure S1) using the commercial Akoya platform (Akoya Biosciences, Marlborough, MA).
Resulting images were background subtracted, cycle aligned, processed using extended
depth of field, and stitched using ZEN (Carl Zeiss AG, Oberkochen, Germany). Full images
were interactively visualized in QuPath after conversion to the pyramidal OME.TIFF open
standard format.1® Cell segmentation was performed using default QuPath. Fluorescence
intensity greater than background was used as a positive label. Cell neighborhood analysis
and Pearson’s coefficients were calculated using CytoMAP? and MATLAB. Further and
complete experimental details are in the Supplemental Information.

RESULTS

Multiplexed IF Imaging using CODEX

We have generated CODEX multiplexed IF images from human kidney tissue using 23
barcoded antibodies (Table 1). The major structures within the kidney were imaged, such as
the endothelial layer within glomeruli, proximal tubules, and collecting ducts by targeting
CD93, aquaporin 1, and calbindin, respectively. These structures are further visually
subdivided by targeting antigens that localize to different tubules or tubular layers (e.g.
endothelium [CD90], tubular epithelium [B-catenin], distal convoluted tubules [E-cadherin],
and epithelium [calbindin]). Several disease markers were chosen to verify the health of

the tissues, such as CD 7 which stains T cells, and their low abundance staining suggests
healthy tissue. While single-plex fluorescence experiments can probe these structures,

only multiplexed experiments, such as this, can probe these structures in the greater

tissue context, such as tubular segments or diseased functional units, such as in diabetic
nephropathy. Moreover, many of these selected antigens assist in defining cellular structures
and have been previously studied by standard immunofluorescence studies, allowing
comparison with previous results. When possible, we selected commercial, recombinant,
and purified primary antibodies for conjugation. These criteria enable reproducible staining
and constant supply, limiting the commonly cited weaknesses of antibody-based approaches
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(e.g. irreproducible staining and lot-to-lot variability).2%-21 We also determined that indirect
immunofluorescence of an unconjugated and a conjugated antibody appears the same
(Figure S2, details in SI methods). The tissue remained intact through the eleven cycles
performed in this study (two blank cycles and nine antibody-containing cycles, Figures
S3-5), indicating that additional cycles can be incorporated with by increasing the number
of antibodies. Because of cycle dependence and carry over concerns,?2 cycles were kept
consistent and vimentin was imaged separately because it was highly intense. Finally, there
are imaging artifacts associated with corner bleaching that can be addressed in future
experiments by installing a variable rectangular diaphragm on the microscopy system or
exploring different image processing workflows.

CODEX imaging was performed on three normal non-neoplastic portions of nephrectomy
samples, two men and one woman, 47, 66, and 77 years old, respectively (Figures 1, S6,
and S7). Images from large sections were acquired (Figure 1A, comparison histological
stain Figure S8, enlarged single channels Figures S9-31), including areas of cortex (Figure
1B) and medulla (Figure 1C), highlighting seven of the markers. The distribution of
interstitial cells was also visualized, such as mast cells (Figure 1F). Special markers of

the juxtaglomerular apparatus, key for nephron hemodynamic responses, were also assessed
(renin, Figure 2A, Figure S28). Further, different cell types and regions within a single
glomerulus were also resolved (Figure S32), specifically, the glomerular endothelium
(PARP1), podocytes (calbindin, nestin), and basement membrane (laminin, nestin). The
data demonstrate the unique distribution of these cells within the glomeruli. Each of these
markers were located in different cycles and, while they could be condensed into a single
plex experiment, this would require removing all other markers that are expressed in the
glomeruli that provide spatial context but are not as variable (e.g. CD31, CD93, MARCKS,
and vimentin; Figure 2A, Figures S15, S19, S25, S31, respectively). Initial experiments
were performed on fresh frozen tissue but was adapted to work on formalin fixed paraffin
embedded tissues as well (Figure S33).

Cell Type and Neighborhood Analysis

The potential of highly multiplexed molecular analysis is demonstrated by the stark
differences seen within each individual channel in the 23-plex experiment (Figure 2A).
Further, we calculated the number of each cell type per tissue area. On average, the
tissue contained 420+ 19 cells/mm2. This analysis can be extended to include specific
cell subtypes. Finally, we also assessed how cells are spatially organized within the tissue
(Figure 2B-E) and how cellular neighborhoods are reorganized as a result of diabetes by
analyzing diabetic nephropathy tissue donors, two men and one woman, who were 52,
65, and 75 years old, respectively. By subdividing the analysis into glomerular (Figure
2B&C) and tubular localizing markers (Figure 2D&E), CODEX multiplexed IF was used
to determine the correlation (Pearson’s correlation coefficients >0.1) and anticorrelation
(<-0.1) of different protein markers detected within a 40 pm neighborhood around each
segmented cell. Within the glomerular endothelium, CD93 was found to correlate with
other endothelium markers, such as PARP1. These glomerular endothelium markers are also
correlated with the expression of nestin, which labels podocytes within the glomerulus.
CD93 and nestin are less correlated within diabetic kidneys. Similar trends can be
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extrapolated for protein markers that localize within tubules. Moreover, diabetic samples
show higher numbers of uncorrelated cell types compared to healthy samples (e.g. AQP1
becomes uncorrelated with MARCKS and e-cadherin enriched cells) suggesting that cellular
neighborhoods are reorganized during disease states, such as diabetic nephropathy. While
only some examples are discussed here, similar comparisons can be made for all the
antigens stained using CODEX. These preliminary analyses importantly demonstrate the
ability to survey cell populations with high sensitivity and selectivity using multiplexed
molecular imaging and the potential of this technique to illuminate renal structure and
function.

DISCUSSION

Using 23 antibodies, key renal cell types can be visualized and compared in human kidney
tissue. This study incorporates a combination of commercial CODEX labels as well as
conjugated purified antibodies from three different vendors, demonstrating the flexibility

of the approach to accommodate a variety of antibody sources. Our studies support that
well-validated, primary antibodies free from common preservations (e.g. bovine serum
albumin, glycerol, and sodium azide) are compatible with this approach. Additionally,
selecting recombinant antibodies reduces variability and is essential for creating large

renal atlases, such as those pioneered by the Kidney Precision Medicine Project?3 and
Human BioMolecular Atlas Program,2* which require examination of renal sections from
many patients over the course of years. Most of the antibodies used here are recombinant
(Table 1, *) and can serve as an initial panel for applying CODEX IF to fresh frozen

human kidney tissues or banked FFPE samples (Figure S33) for these critical atlas efforts.
Moreover, we anticipate that study of kidney diseases will also benefit from the development
of similar multiplexed panels that may aid in assessment of complex cell interplay and
pathophysiology of a spectrum of injury as we also initially demonstrate here with diabetic
nephropathy (Figures S34-S36). While it is known cellular neighborhoods are affected by
disease, using highly multiplexed analyses, we can parse which cell types are particularly
affected within their complex microenvironments. Diseases with similar light microscopic
appearances may have varying phenotypes and alterations of specific cells, which may shed
light on mechanisms and potential targets for intervention. Because we demonstrate CODEX
IF on both healthy and diseased fresh frozen and FFPE tissue, we anticipate its adoption by
both research and clinal laboratories. Such highly multiplexed analysis could pave the way
for detailed phenotyping, classification and understanding of diseases, enhancing research
and patient care.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL STATEMENT:

In this manuscript, we describe the application of CODEX multiplexed
immunofluorescence to fresh frozen and formalin fixed and paraffin embedded (FFPE)
samples of both normal and diseased human kidney. While we have shown images for 23
antigen markers, this technology can be extended to include both custom and commercial
antibodies for most protein targets. The ability to probe dozens of protein targets within a
single tissue enables visualization and segmentation of fundamental cell types within the
healthy and disease kidney on a larger scale than previously possible. Because the kidney
has so many functional units and cell types, CODEX IF allows for a more complete
picture of the cellular architecture and tissue microenvironments that are fundamental to
normal renal function, transition to disease, impact of disease, and potential therapeutics.
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Figure 1:
A) CODEX multiplexed IF staining of a human kidney from a 66-year-old male. B)

Enlargement of a region of the cortex with several glomeruli present as well as proximal
tubules. C) Medullary region of the kidney with many tubules present. D&E) Enlargement
of glomeruli surrounded by different tubular segments with high expression of a-smooth
muscle actin and aquaporin 1, respectively. F) Tubules within the cortex with high
expression of cytokeratin 7 and tryptase. G) Representative view of medulla. H) Portion

of cortex with increased numbers of mast cells. 1) Enlargement of medullary rays. The color
legend for all panels is as follows: cytokeratin 7 (pink), tryptase (orange), nestin (yellow),
R-catenin (green), aquaporin 1 (teal), vimentin (dark blue). Scale bars are 1 mm for panel A,
200 pum for panels B-C, and 50 um for panels D-I.
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Figure 2:

A) Individual images of assayed antigens showing the diversity of structures within

Page 10

the kidney. B) Pearson’s correlation coefficients from three healthy kidney samples for
glomerular markers, indicating cell types that are highly correlated (red), noncorrelated

(white), and anti-correlated (blue). C) Correlation plot derived from three diabetic

nephropathy kidneys, showing cellular redistribution resulting from disease. D) Similar
correlation plot for tubular markers from healthy and E) diabetic nephropathy patients.
Correlations were established between 0 and 40 um from the center of the cell for the entire

tissue and consist of ~1 million cells.
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Summary of the cell types visualized by CODEX multiplexed IF. Italicized rows indicate commercial CODEX
markers. Other antibodies were conjugated to CODEX oligonucleotide barcodes by us.

Antigen Cell Type Barcode | Channel | Cycle Product Code Lot
cD7 Natural killer cells, T-cells BX025 FITC 1 Akoya Biosciences B311698
4150022
Aquaporin 1* Proximal tubule cells, some BX002 DsRed 1 Abcam b9566 GR3330284-1
endothelial cells, descending limb of
the loop of Henle
Aquaporin 2* Principal cells of the collecting duct BX015 Cy5 1 Abcam ab230170 GR3309659-1
CcD90 Proximal tubules, fibroblasts, BX0z22 FITC 2 Akoya Biosciences B311697
activated endothelial cells 4150021
CD38* T cells, B cells, NK cells, erythrocytes | BX007 FITC 3 Akoya Biosciences B275925
4150007
Ki67 Proliferating cells BX026 DsRed 3 Akoya Biosciences B305585
4250019
Nestin* Some podocytes, endothelial cells, BX024 Cy5 3 Abcam ab221660 GR3234351
basement membrane
CD45 All hematopoietic cells, except BX001 FITC 4 Akoya Biosciences B304055
erythrocytes and platelets 4150003
Uromodulin* Epithelial cells of the thick ascending BX047 DsRed 4 Abcam ab207170 GR3291001
limb of Henle’s loop
B-Catenin* Tubular epithelium BX003 Cy5 4 Abcam ab32572 GR3269711
Vimentin* Mesenchymal cells, tubular cells, BX043 Cy5 5 Abcam ab92548 GR3238979
glomerular epithelial cells
PARP1* Glomerular endothelium BX013 FITC 6 Abcam ab191217 GR3281797-1
CD31 Endothelial cells DsRed 6 Akoya Biosciences B298655
BX032
4250009
CD93* Peritubular capillary and glomerular BX006 Cy5 6 Abcam ab134079 GR33666664-1
endothelium
E-Cadherin Distal convoluted tubules, collecting BX016 FITC 7 Cell Signaling 3195S Cyg0419101
duct, loop of Henle
Laminin Basement membrane BX023 DsRed 7 DSHB 2E8 3/26/20-536
KDR/Vegf * Peritubular capillary and glomerular BX030 Cy5 7 Abcam ab237634 GR3256123-1
endothelium
Calbindin* Epithelium in distal convoluted FITC 8 Abcam ab108404 GR3264008
tubules, connecting segment, and BX004
cortical collecting duct
Cytokeratin 7* Epithelial cells BX005 DsRed 8 Abcam ab68459 GR3249684-1
a-Smooth Muscle Vascular smooth muscle, BX021 Cy5 8 Abcam ab7817 GR3273998-2
Actin* myofibroblasts
Renin* Juxtaglomerular cell BX010 FITC 9 Abcam ab212197 GR3366010-1
Tryptase* Mast cells BX014 DsRed 9 Abcam ab151757 GR3366012-1
MARCKS* Peritubular capillary BX027 Cy5 9 Abcam ab184546 GR3309791-1
Synaptopodin Glomeruli BX026 DsRed 3 GeneTex GTX39067 822001354
Collagen IV Basement Membrane BX033 Cy5 n/a Abcam ab256353- did | GR3283654

not work
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