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RESEARCH ARTICLE
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Abstract

The lack of standardization in antibody validation remains a major contributor to irreproducibility of human research. To address
this, we have applied a standardized approach to validate a panel of antibodies to identify 18 major cell types and 5 extracellular
matrix compartments in the human kidney by immunofluorescence (IF) microscopy. We have used these to generate an organ
mapping antibody panel for two-dimensional (2-D) and three-dimensional (3-D) cyclical IF (CyCIF) to provide a more detailed
method for evaluating tissue segmentation and volumes using a larger panel of markers than would normally be possible using
standard fluorescence microscopy. CyCIF also makes it possible to perform multiplexed IF microscopy of whole slide images,
which is a distinct advantage over other multiplexed imaging technologies that are applicable to limited fields of view. This ena-
bles a broader view of cell distributions across larger anatomical regions, allowing a better chance to capture localized regions
of dysfunction in diseased tissues. These methods are broadly accessible to any laboratory with a fluorescence microscope, en-
abling spatial cellular phenotyping in normal and disease states. We also provide a detailed solution for image alignment
between CyCIF cycles that can be used by investigators to perform these studies without programming experience using open-
sourced software. This ability to perform multiplexed imaging without specialized instrumentation or computational skills opens
the door to integration with more highly dimensional molecular imaging modalities such as spatial transcriptomics and imaging
mass spectrometry, enabling the discovery of molecular markers of specific cell types, and how these are altered in disease.

NEW & NOTEWORTHY We describe here validation criteria used to define on organ mapping panel of antibodies that can be
used to define 18 cell types and five extracellular matrix compartments using cyclical immunofluorescence (CyCIF) microscopy.
As CyCIF does not require specialized instrumentation, and image registration required to assemble CyCIF images can be per-
formed by any laboratory without specialized computational skills, this technology is accessible to any laboratory with access to
a fluorescence microscope and digital scanner.

antibody; cyclical immunofluorescence; human; kidney; validation

INTRODUCTION

Despite global efforts over the past 15 years to improve
standards for antibody validation (1–5), the lack of standardi-
zation in antibody validation and use remains a major con-
tributor to irreproducibility of research (6, 7). This has been
of particular concern with immunohistochemical staining
studies since even minor differences in tissue preparation

and preservation techniques can have significant effects on
both nonspecific staining and true antibody cross-reactiv-
ities (8). The emergence of multidisciplinary consortia that
are using a wide range of technologies to map cellular char-
acteristics at a single cell level in human tissues (9) has fur-
ther increased our dependence on the use of validated
antibodies as true anchors of cell registration to integrate
these diverse datasets within the intact tissue architecture
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(10–12). These studies include the use of antibodies labeled
with a variety of different conjugates for a range of different
multiplexed immunofluorescence (MxIF) techniques, includ-
ing DNA-conjugated antibodies used for co-detection by
indexing (CODEX) (13, 14), fluorescently conjugated antibodies
used for cyclic immunofluorescence (CyCIF) (15), and iterative
bleaching extendsmultiplicity (IBEX) (16), as well as the use of
rare earth metal isotope-conjugated antibodies used for imag-
ing mass cytometry (IMC) (17). These techniques allow us to
generate composite images of tissues stained simultaneously
with large numbers of antibodies (with up to 60markers using
CODEX13), enabling accurate cell identification and segmenta-
tion, and determination of changes in cell states in health and
disease. However, without proper validation of each antibody
used under the conditions of the respective assays, including
antibody conjugation, tissue processing, and staining and
destaining protocols, the data input may be perturbed by
incorrectly presenting antibody-based data points that may
have unforeseen effects on subsequent analyses of these
highly dimensional datasets.

To address these challenges, theHumanBioMolecular Atlas
Program (HuBMAP) (18, 19) has developed guidelines for anti-
body validation for MxIF applications. For this, a series of
organmapping antibody panels (OMAPs) are being developed
supported by documentation of antibody characteristics, vali-
dation criteria, and tissue preparation protocols. These are
incorporated into antibody validation reports (AVRs) on the
HuBMAP website (https://avr.hubmapconsortium.org/), with
supporting imaging data located on a public database (https://
zenodo.org/communities/omap?q=&l=list&p=1&s=10&sort=
newest) (20). OMAPs are integrated into the Anatomical
Structures, Cell Types plus Biomarkers (ASCT þ B) Tables
(https://humanatlas.io/asctb-tables) and visualized in the
ASCT þ BReporter (https://humanatlas.io/asctb-reporter) to
support tissuemapping efforts across consortia (21).

As part of the Vanderbilt Biomolecular Imaging Center, one
of the Tissue Mapping Centers (TMC) in the HuBMAP consor-
tium (18, 19), our laboratory has been performing CyCIF on fro-
zen tissue sections obtained from discarded tumor-adjacent
normalhumankidney specimens frompatientswith renal can-
cer undergoing nephrectomy (22, 23). For these studies, CyCIF
imaging is being used to provide cell identification and seg-
mentation by integrating fluorescence signals from validated
antibodies, with multimodal imaging of sequential sections
using spatially targeted multiomics assays including imaging
mass spectrometry (IMS) (24, 25). Similar integration of data
from different antibody-based imaging modalities with spatial
transcriptomics and single cellmultiomics sequencing is being
performed to enhance the spatial resolution of these RNA and
DNA-baseddatasets innormal anddiseasedhumankidneys by
other participants in the HuBMAP and Kidney Precision
Medicine Program (KPMP) Consortia, respectively (18, 19, 26).
However, unlike other multiplex imaging techniques, such as
CODEX, CyCIF can be performed at scale on large numbers of
sections with large surface areas of tissue without specialized
instrumentation or analytical tools (15). In this paper, we
describe andhave appliedmodifications of antibody validation
criteria that have been used by other laboratories specifically
for immunohistochemical validation on human tissue samples
(5, 27), specifically for the use of a panel of 27 different antibod-
ies and a lectin to define themajor cell types and extra cellular

matrix compartments on frozen adult human kidney sections.
We go onto validate the use of 17 of these antibodies and one
lectin to define themajor tubular and glomerular cell types and
associated structures in a series of 2-D and 3-D CyCIF imaging
studies.

MATERIALS AND METHODS

Tissue Collection and Preparation

Deidentified human kidney samples were obtained from
disease-free tumor-associated nephrectomy samples after re-
moval of pathology specimens by the Vanderbilt Cooperative
Human Tissue Network (CHTN, IRB Protocols No. 181822
“BiomolecularMultimodal Imaging for 3-Dimensional Tissue
Mapping of the Human Kidney”). Deidentified information
including the patient’s HuBMAP identification number (dei-
dentified), age, sex, ethnicity, reason for surgery, and diagno-
sis are included in the Supplemental Tables S1, S2, and S3 for
the different experiments. Samples were collected on ice
within 1–2 h of surgery. Tissue blocks (�0.5 cm � 1 cm � 2–4
cm)were cut, extending from the cortex through themedulla
on their long axis, and frozen in 2.6% carboxymethylcellulose
(CMC; Fischer, No. C9481) in water, or 2% low melting point
gelatin (LMG) on a dry ice/isopentane slurry (Sigma, No.
03551-4) and storedat�80�Cprior to sectioning (23).

Immunofluorescence Staining

Ten-micrometer sections from CMC-mounted tissue blocks
and 8-lm sections from LMG-mounted tissue blocks were cut
onto Superfrost Plus slides (Fisher, No. 12-550-15), refrozen
at �80�C, and postfixed in 10% neutral-buffered formalin
(Sigma, No. HT501128) for 5 min at room temperature (RT),
washed with phosphate-buffered saline (PBS) at the time of
staining.We did not subject the sections to antigen retrieval,
as previously described (23). Sections were demarcated
using a hydrophobic pen (Vector Laboratories, No. H-4000)
and placed in a humidified chamber for staining. Slideswere
initially incubated for 5 min with 50 mM glycine in PBS
(Sigma, No. 410225) to reduce autofluorescence, followed by
blocking for 30 min at RT in Universal Blocking Reagent
(UBR, Biogenex, No. HK085-5K). Primary antibodies were
incubated overnight at 4�C in Antibody Diluent Reagent
(ADR, Fisher, No. 003218) and washed three times with PBS.
For indirect immunofluorescence (IF), slideswere incubated
with fluorophore-conjugated secondary antibodies for 60
min at RT and washed again three times in PBS. All primary
and secondary antibodies, dilutions, and fluorophores used
are indicated in Table 1 and Supplemental Tables S1, S2, and
S3. Some antibodies were detected by indirect IF, as indi-
cated, while others were either purchased or conjugated in-
house with the indicated fluorophores, as previously
described (28). Sections were then incubated with Hoechst
33342 (Fisher, No. 62249) at 1:5,000 of a 20 mM solution in
PBS for 10 min, washed twice in PBS, and mounted in 50%
glycerol/PBS (Fisher, No. G33) before coverslipping. Slides
were stored in a humidified chamber at 4�C until imaging
was performed. Digital images were scanned using a Zeiss
AxioScan Z1 slide scanner with a �10 objective (Carl Zeiss
Microscopy, Oberkochen, Germany).
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Cyclical Immunofluorescence Microscopy

For CyCIFmicroscopy, after digital images were scanned af-
ter a round of staining (CyCIF cycles), slides were returned to
humidified chambers at 4�C before initiating de-cover slipping
and fluorophore inactivation steps, as previously described
(22). Briefly, slideswerede-cover slippedby incubating slides in
a vertical staining jar in PBS on a gentle plate rocker, washed
three times in PBS, and incubatedwith 0.1MNaHCO3 (pH 11.2)
with 3% hydrogen peroxide (both from Sigma) in water, placed
on a transparent plate, and exposed from below to white light
[using an LED Cabinet Light (Sears, SPM11582738325)] for 15
min at RT. The process was repeated four times using freshly
made solution each time, and then washed three times with
PBS. Slides were mounted again in 50% glycerol, coverslipped,
and reimaged to confirm that there was fluorophore inactiva-
tionbefore proceeding to thenext cycle of IF staining (note that
nuclear Hoechst 33342 is not inactivated using this protocol
and is used for image registration between scans). Destaining
and staining take on average �2 to 3 h bench work for each
cycle, and we complete one cycle every 24 h. This means for
four cycle CyCIF, the process will generally take 4 days to com-
plete, as previously described (22). For 3-D CyCIF, 53 sequential
sections were obtained from a tissue block, and for a given 3-D
series, all the slides underwent staining cycles of CyCIF, as out-
linedabove. CyCIFfiguremetadata includes information about
each of the labeled channel IDs including the antibody, fluoro-
phore, cycle numbers, and comments about the staining and
tissue artifacts between cycles (Supplemental Table S2).
Supplemental Table S3 also includes information about tissue
section quality for the 3-D CyCIF imaging series (Supplemental
TableS3).

Digital Image Registration for 2-D Cyclical
Immunofluorescence

We used Napari to register images from each of the CyCIF
cycles to generate 2-D multiplexed CyCIF images. This can
be performed by any laboratory without specialized compu-
tational skills by following these step-by-step instructions:

1) Download the latest version of napari from https://
github.com/napari/napari/releases/tag/v0.4.19

2) Install napari on your system (available for Windows,
MacOS, and Linux)

3) Open the application
4) Click on the “Plugins” > “Install/uninstall plugins. . .”

menu item
5) Search for the “napari-wsireg” plugin (it will appear in

the bottom panel) and install it
6) Once installed, it might be necessary to restart napari.
7) Open napari-wsireg by clicking on the “Plugins” >

“wsireg2Dmain”menu item
8) This will open napari-wsireg in the side panel.
9) Clicking on the “Image” button, select your image(s) to

register
10) If you are co-registering several MxIF cycles (e.g., 4),

you could load each image and then give them names
such as cyc1, cyc2, cyc3, and cyc4.
• Ensure pixel spacing is correctly set for each image.

This is typically auto-detected for OME-TIFF or CZI
files, but youmay need to manually input this if it is
not automatically recognized.T
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• For CyCIF images, set the image type to fluores-
cence and choose the appropriate channels for co-
registration, typically the DAPI channel for cycle
co-registration.

11) In the registration setup, identify your cycles with cyc1
as the target modality and cyc2 to cyc4 as the moving
modalities
• Aim for sequential registration to minimize errors,

e.g., register cyc4 to cyc3, then cyc3 to cyc2, and
finally cyc2 to cyc1

• Use both rigid and affine models for accurate
alignment

• This approach ensures that each cycle is co-regis-
tered withminimized distortion or loss.

12) Once the registration paths have been selected, you
must specify the “project name” and the “output direc-
tory” where the registration progress and registered
images will be saved
• You can specify advanced options to control

whether the preprocessed images should be cached
(useful when debugging tricky registration tasks)

• You can specify whether the “non-transformed”
image should be also saved (useful when starting
from e.g. CZI image and want to export as OME-
TIFF).

13) Click on the “Save config” and export the wsireg config-
uration file.

14) Click on the “Add to queue” button or the “Run graph”
button to start registration.

15) It is also possible to execute wsireg using the command
line. Please seehttps://github.com/NHPatterson/wsireg
formore information.

Digital Image Registration for 3-D Cyclical
Immunofluorescence

For 3-D image registration, individual CyCIF cycles on the
same tissue section were co-registered using the Elastix
framework (29), with the DAPI channel utilized for accuracy
and precision. To enhance co-registration accuracy, image
contrast was adjusted. The “rigid” and “affine” transforma-
tion methods were employed for co-registration across the
four cycles recorded for each section. We co-registered
all cycles to cycle 1. We used cycle 1 as the reference since
that cycle typically presented the fewest tissue deformations
or changes. Due to the nature of the experiment, minor tis-
sue changes occur between CyCIF cycles. To ensure the best
possible co-registration outcomes, cycles are co-registered to
their closest neighbor cycle (i.e., cycle 4 is co-registered to
cycle 3, cycle 3 to 2, and cycle 2 to 1). However, transforma-
tions can be mathematically concatenated, so we also implic-
itly and automatically co-register cycle 4 to cycle 1, using the
calculated transformations of cycle 3 to cycle 2 and cycle 2 to
cycle 1 as intermediaries. Since some sections were folded over
or damaged between cycles, we defined a binary mask that
excluded that part of the tissue in the co-registration step as it
yielded better image registration. A similar methodology was
applied to obtain the 3-D dataset. Supplemental Table S3 docu-
ments instances where tissues were folded, damaged, or
CyCIF cycles were out of focus. If a cycle was out of focus or
too heavily damaged, it was excluded from the co-registration.

In a situation where part of the tissue was folded, or there
was a tear in the tissue, a binary mask was drawn exclud-
ing that region from co-registration, ensuring that the
damaged region does not negatively impact the co-regis-
tration outcome. Following individual cycle co-registra-
tions, a VALIS algorithm implementation facilitated the
co-registration of remaining tissue sections (30). Initial
low-resolution registration involved “rigid,” “affine,” and
“non-linear” transformations, with subsequent refinement
at higher spatial resolution using the “non-linear” trans-
formation. Tissues were transformed into a common coor-
dinate space and exported as OME-TIFFs.

Visualizing Digital Immunofluorescence Images

Digital images (including both 2 to 4 þ 1 channel and
CyCIF registered images) were downloaded into QuPath
(v. 0.5.0) and evaluated using the toggle function to switch
between channels and identify co-localization and/or
proximity of antibody staining to other markers. This can
be performed by any laboratorywithout specialized computa-
tional skills by following these step-by-step instructions to
evaluate all of our supplemental antibody validation and
CyCIFfigures:

1) Download most recent version of QuPath which you
can find at https://qupath.github.io/. The software is
free.

2) Create an empty folder with the name of the project
you want to create in QuPath

3) Download the .czi file you want to look at, as well as the
associated “supplemental table” excel file that you will
find in the OMAP folder. Because of size limitations of
Zenodo folders, we had to divide this into four separate
folders each with their own Supplemental Table: Part1:
Supplemental Figs. S1–S15, Part 2: Supplemental Figs.
S16–S30 include all of the antibody validation images;
Part 3: Supplemental Figs. S31 and S33 are the two 2D
CyCIF images; Part 4: includes two 3-D CyCIF images

4) OpenQuPath and click on “create a project”
5) Browse your computer until you find the QuPath pro-

ject folder and click on it once
6) In QuPath, click on “add images,” then click on “choose

file” and browse your computer until you find the
image youwant to analyze

7) Click on “import image.” This can take a few second or
minutes depending on the size and number of files you
import

8) Double click on the image you want to visualize, high-
light fluorescence in the pop up, and click on “apply”

9) Ok, now the image is open, and you can go about
changing the channels. For this, click on the black and
white circle icon. This opens the “brightness and con-
trast” panel. Each channel is labeled for that figure
showing stainingwith different antibodies, as indicated
in the “figures” tab in the excel file you downloaded. If
you want to change the color, double click on the chan-
nel, and change the color panel. If you want to change
the gain and background, click once on the channel,
and adjust the channel min and max until you get the
image you want. Sometimes antibodies, this has to be
adjusted separately for different regions of the kidney.
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10) Move around the image by clicking on the cross icon
and drag the image with your mouse. Shink the image
using your mouse as well.

11) Once you have the colors right for each antibody sepa-
rately, you can toggle the colors on or off for each of the
antibodies using the “brightness and contrast” panel. It
is very intuitive.

12) When you are done with that image, double click on the
next one. It will ask you if you want to save the settings.
I suggest you do so as it will save you time if you come
back to that image later.

RESULTS

Antibody Selection

Antibodies that were anticipated to stain cell types or
extra cellular matrix (ECM) compartments of interest
were initially selected that had evidence on the manufac-
turer’s website and/or in associated publications of target
selectivity. Consistent with recently published guidelines
on the use of antibodies for research (2, 3), this included
evidence from Western blot using overexpressed protein
targets, knockout or knockdown cell staining or Western
blots, immunoaffinity purification and mass spectrome-
try, epitope mapping, and/or protein array data showing
target selectivity. Preference was given to monoclonal and
recombinant monoclonal antibodies, as these provide
more reproducible reagents over time (3), but when no
other reagents were available, polyclonal antibodies were

also selected. We then selected antibodies if they were able
to identify images showing staining in the anticipated distri-
bution in the human kidney. After ordering antibodies, we
initially performed IF staining at two to three different dilu-
tions, along with immunoglobulin controls, to determine
whether the antibody appears to stain the anticipated cell
types or ECM compartments, and to establish optimal dilu-
tions, before proceeding toMxIF validation studies.

We evaluated the staining characteristics of 27 different
antibodies and one lectin by IF microscopy. These detect 22
protein and glycoprotein targets (Table 1) and can be used in
various combinations to identify 18 different cell types and 5
extracellular matrix (ECM) compartments in the human kid-
ney (Table 2). Table 2 also provides abbreviated annotations
for the different cell types and ECM compartments identified
with this antibody panel. This panel includes 18 monoclonal
antibodies, including 5 recombinant rabbitmonoclonal and 9
polyclonal antibodies. We also evaluated 16 antibodies that
have been directly conjugated with different fluorophores
(nine commercial and seven in-house conjugations), all of
which gave the anticipated cellular staining after fluorophore
conjugation. Direct antibody conjugation allows more highly
multiplexed IF analyses with the use of multiple antibodies
from the same species on a single tissue section, without con-
cern for cross-reactivity of fluorophore-conjugated secondary
antibodies.

Each antibody has been assigned a permanent and unique
Research Resource Identification (RRID) in the Antibody
Registry (https://www.antibodyregistry.org/) (31). If the same
clone is produced by two different manufacturers, they are

Table 2. Cells and ECM compartments identified using the validated antibody panel

Cell Types Abbreviations Antibody Targets

Podocyte (cytoplasm) Pod-Cyt NES, PODXL, SYNPO (low)
Podocyte (plasma membranes) Pod-PM ZO1 (high), SYNPO, PODXL
Podocyte (nucleus) Pod-Nuc WT1
Mesangial cells MC TNS1
All epithelia (except GN epithelium) KRT8
Proximal tubular epithelial cells (all) PTECs AQP1, LTL, KRT8, NaKATPase (low)
Early convoluted PTECs S1 PTECs LRP2, SGLT2, SLC5A12, AQP1, LTL, KRT8, NaKATPase (low)
Late convoluted PTECs S2 PTECs SLC5A12, SGLT2 (low), LRP2 (low), AQP1, LTL, KRT8, NaKATPase (low)
Straight segment PTECs S3 PTECs AQP1, LTL, SLC5A3 (low), KRT8, NaKATPase (low)
Early segment distal convoluted tubule DCT1 NCC/SLC12A3, ZO1 (low), NaKATPase (high), KRT8
Late segment distal convoluted tubule DCT2 CALB1, NCC/SLC12A3 (low), ZO1 (low), NaKATPase (high), KRT8
Connecting tubules CNT CALB1, AQP2, ZO1 (low), NaKATPase (high), KRT8
Collecting duct (principal cells) CD-PC AQP2, KRT8 (highest), NaKATPase (intermediate)
Collecting duct (inner medullary) CD-IM LTL, AQP2, KRT8
Collecting duct (intercalated cells) CD-ICs LTL
Descending thin limb (loop of Henle) DLT AQP1, ZO1 (low), KRT8
Ascending thin limb (loop of Henle) ATL KRT8, ZO1 (low)
Thick ascending limb (loop of Henle) TAL THP/UMOD, NaKATPase (high), ZO1 (high)
Glomerular endothelial cells GN-EC CD31, CD93 (next to COL4A5)
Peritubular endothelial cells PT-EC CD31, CD93 (next to COL4A1/2)
Vascular smooth muscle cells VSMCs a-SMA, TNS1 (only some arterioles)
Myofibroblasts MFs a-SMA
Glomerular basement membrane GBM COL4A5, LAMC1
Glomerular capsule GN-Caps COL4A1/2, LAMC1, COL4A5 (low)
Tubular basement membrane TBM COL4A1/2, LAMC1, COL4A5 (CD, CDT, and CNT only)
Blood vessel walls BV LAMC1 (vascular bundles in OM)
Mesangial matrix MM COL4A1/2
Peritubular extracellular matrix PT-ECM COL4A1/2

Shown are individual and combinations of target antibodies that can be used to define these cell types and extracellular matrix (ECM)
compartments. For antibody targets, see Table 1. Low, intermediate, and high refer to staining intensity compared with other cell types
that are also detected with this antibody. More detailed information is provided in Supplemental Tables S1 and S2 and can be visualized
in Supplemental Figs. S1–S33.
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given two different antibody RRIDs. In addition, to establish
these antibodies as part of an OMAP panel, we have gener-
ated AVRs for each antibody. These include all associated
antibody and staining metadata, tissue preparation and
staining protocols, and supporting imaging data (https://
avr.hubmapconsortium.org/) (20). Each antibody is also
linked to the original images used to validate the anti-
body, with publicly accessible multichannel scanned
images of the whole IF-stained human kidney sections in
a publicly accessible database (Supplemental Figs. S1–
S30, Table 1, and Supplemental Table S1). Access to these
images allows investigators to independently evaluate
staining throughout the kidney and to optimize thresh-
olds independently in each color channel. As such, they
are not dependent on limited views and channel thresh-
olds provided in the static images. Several examples from
our antibody panel illustrate the benefits of this: 1) unlike
the AQP1 antibody H4 (RRIDs: AB_626694-unconjugated
and AB_3075337-AF647 conjugated) and Lotus tetragono-
lobus lectin (LTL), which stain all proximal tubular epithe-
lial cell (PTEC) segments (Supplemental Fig. S1), the
SLC5A12 antibody (RRID: AB_2891092) stains S1 and S2 seg-
ment PTECs, which are restricted to the cortex and with
much less staining of S3 segment PTECs in the outer stripe
of the outer medulla (OSOM) (Supplemental Fig. S20).
These differences are not apparent in the renal cortex. 2)
The PECAM/CD31 antibody (RRID: AB_2890260) stains
peritubular capillaries clearly but gives a more diffuse
staining pattern of glomerular endothelial cells (GN-ECs)
than the CD93 antibody (RRID: AB_1846342, Supplemental
Fig. S4). However, when background staining in glomeruli
is reduced by adjusting image intensity, CD31 staining of
GN-EC membranes is comparable to CD93. 3) The ZO1 poly-
clonal antibody (RRID: AB_2533938) clearly localizes to
podocyte plasma membranes when compared with other,
more cytoplasm localized podocyte markers detected using
synaptopodin and nNestin antibodies (RRIDs: AB_2335879,
and AB_10001441) (Supplemental Fig. S28). However, ZO-1
also stains basolateral plasma membranes in the thick
ascending limb (TAL) and collecting duct principal cells
(CD-PCs) stained with the THP/UMOD (RRID: AB_2212386)
and AQP2 antibodies (RRID: AB_2820249), respectively
(Supplemental Figs. S25 and S26). However, basolateral
TAL and CD-PC staining is not visible when thresholds are
set to detect podocyte staining with the ZO-1 antibody. 4)
The laminin gamma 1/LAMC1 2E8 antibody (RRID:
AB_528343) shows more intense staining of glomerular
basement membrane (GBM) versus tubular basement mem-
branes (TBMs), but after reducing the image gain so that
TBM staining is apparent, it is not possible to discern
details of the GBM (Supplemental Figs. S10 and S14).

Antibody Validation

Since our goal was to validate a panel of antibodies that
could be used to define themajor cell types and extra cellular
matrix compartments in human kidney sections, we modi-
fied antibody validation criteria that have been used by other
laboratories specifically for immunohistochemical valida-
tion of tissue samples (5, 27). On this basis, we assigned vali-
dation scores (0 to 3) for each antibody using IF to evaluate

the localization of antibody staining in relation to other anti-
body staining patterns as follows: 1) uncertain (ccore¼ 0): no
staining, incorrect cell type, subcellular localization, or cell
state; 2) approved (score ¼ 1): the correct cell type, subcellu-
lar localization, or cell state compared with other antibody
data; 3) supported (score ¼ 2): showing overlapping staining
with an antibody for the same cell type, structure, or cell
state; and 4) enhanced (score ¼ 3): demonstrating the same
staining as an independent antibody against a different epi-
tope on the same protein. Of the 27 antibodies and one lectin
tested, one has been discontinued, one stained the wrong
cell types in a fluorophore-conjugated form, but not when
detected by indirect IF, but the rest met our validation crite-
ria (validation scores�1) and are recommended for IF on fro-
zen human kidneys. Some were evaluated in multiple
studies and given combined scores. For example, LAMC1 2E8
(AB_528343) showed the same staining pattern as LAMC1
antibody D18 (RRID: AB_2281095) (score ¼ 3); overlapping
staining with collagen IV a5 (COL4A5) and collagen IV a1/
2 (COL4A1/2) (RRIDs: AB_2924380 and AB_2574487,
respectively) (score ¼ 2); and when evaluated with the en-
dothelial cell (ECs), CD31 antibody (RRID: AB_2890260)
and podocyte markers (podocalyxin antibody, RRID:
AB_3065223) showed typical staining of the GBM between
the EC and podocyte markers (score ¼ 1) (Supplemental
Figs. S10, S14, and S18). These findings only hold true for
the application for which these antibodies were evaluated
[i.e., IF on frozen human kidneys, as previously described
(23, 32)]. The same antibodies may have different staining
properties under other conditions. Individual laboratories
can then decide on the level of validation required for
their applications and whether antibodies need to be
reevaluated for their studies.

Cyclical Immunofluorescence Microscopy

We next evaluated 17 of the validated antibodies and one
lectin in different combinations for CyCIF to provide a more
detailed method to evaluate of tissue segmentation using a
larger panel of markers. For example, it is possible to differ-
entiate S1, S2, and S3 segment proximal tubular epithelial
cells (PTECs) using combinations antibodies including AQP1
[and/or Lotus tetroglobinous lectin (LTL), which stain all
PTECs segments, SLC5A12, which stains S1 and S2 > S3 seg-
ments, SGLT2 which stains only S1 and S2 segments, and
LRP2/megalin, which stains S1 > S2 or S3 PTEC segments]
(Table 2). Likewise, it is possible to segment individual glo-
merular capsules, basement membranes, mesangial matrix,
podocytes, mesangial cell, and ECs using a combination of
CD31, synaptopodin, WT1, tensin, COL4A1/2, and COL4A5
(or LAMC1) antibodies (Fig. 1 and Table 1). For this, we opti-
mized an established CyCIF protocol (33) for use in our labo-
ratory on frozen human kidney sections (22). Although a
limited number of unconjugated antibodies can also be used
for CyCIF in early staining/destaining cycles using species-
specific fluorophore-conjugated secondary antibodies, this
technique is only possible if most antibodies used are directly
conjugated with fluorophores. For our CyCIF studies, there-
fore, we used unconjugated antibodies in early CyCIF cycles
when conjugated antibodies for key cell types that we wanted
to visualize were not available or had not been properly
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validated [e.g., THP/UMOD, WT1, tensin, and NCC/SLC13A3
antibodies (RRIDs: AB_2212386, AB_3065228, AB_10796111,
and AB_571116, respectively)]. All other antibodies were
directly conjugated with fluorophores either commercially or
using our in-house antibody conjugation protocol (28).

These 17 antibodies and one lectin will be the basis for
an organ mapping antibody panel (OMAP) for CyCIF mi-
croscopy on normal human kidneys (Supplemental Table
S2). In the first set of studies, we evaluated a panel of 12
antibodies in four CyCIF cycles designed to optimize tubu-
lar cell segmentation (Supplemental Table S2 and Fig. 1,
A–C). To evaluate the whole tissue block and independ-
ently modify threshold values for each of the channels/
antibodies indicated in Supplemental Table S2, we have
also downloaded the individual CyCIF cycle and 20 chan-
nel merged images (12 antibody, 4 nuclear staining, and 4
blank channels) onto Zenodo, an open-source digital
image database (Supplemental Fig. S31). These merged
images allow the investigator to optimize thresholds and
toggle between image channels to provide a more detailed
technical validation of CyCIF, and to evaluate of tissue
segmentation using multiple complementary markers.
Since the destaining protocol used for CyCIF cycles can
interfere with subsequent antibody staining, each anti-
body must be evaluated at a specific CyCIF cycle. As shown
in Table 1 and Supplemental Table S2, some antibodies

were evaluated at different CyCIF cycles. Antibodies can
be used at any cycle less than the cycle tested but need to
be reevaluated if they are being used at later cycles. Some
antibodies, such as the THP/UMOD antibody (RRID:
AB_2212386), work equally well in early (cycle 1, Fig. 1C)
and later CyCIF cycles (cycle 4, Fig. 1D), while others, nota-
bly the COL4A5 antibody (RRID: AB_3065220), are sensi-
tive to changes in cycle number. There was intense
staining of the GBM and a subset of TBM structures using
this COL4A5 antibody in cycle 1 (Fig. 1D and Supplemental
Fig. S33), but there was a lower signal-to-noise ratio when
this antibody was used in cycle 2 (Fig. 1C and Supplemental
Fig. S31). From these studies, we also noticed bleed-through
in AF594 fluorescence between channels. For example, the
AQP2 AF594 that was used in cycle 2 of the CyCIF study was
still detected in the SYNPO AF594 channel in cycle 3 (com-
pare B, blue, with C, red, in Fig. 1), indicating there was
incomplete quenching of AF594 between CyCIF cycles. To
address this, we increased fluorophore quenching from 3 to 5
cycles, and no longer saw bleed-through between AF594
channels (Fig. 1,D–F, and Supplemental Figs. S32 and S33).

These studies were performed on frozen sections from tis-
sue blocksmounted in carboxymethyl cellulose (CMC), which
is compatible with imaging mass spectrometry methods used
by the Vanderbilt Biomolecular Imaging Center in the
HuBMAP consortium (23). However, CMC-mounted tissues

CD31/a-SMA/A/COL4A12/NaK-ATPase

NCC/CALB1/1/AQP1/AQP2

SYNPO/COL4A5/SLC12A5/UMOD

TNS1/NES/S/COL4A5/UMOD

WT1/PODXL/L/COL4A12/LTL

CD31/ZO1/NaK-ATPase/AQP1/aSMA

A

B

C

D

E

F

Figure 1. Cyclical immunofluorescence mi-
croscopy on normal human kidneys. A–C :
tubular antibody panel on a kidney
mounted in CMC. Scale bars¼ 100 lm. D–
F : glomerular antibody panel on a kidney
mounted in low melting point gelatin.
Scale bars ¼ 50 lm. Antibody targets are
indicated under each panel, and each panel
was chosen from themerged CyCIF channel
images for optimal visualization. Individual
channels can be visualized independently
in merged multichannel scanned images
of the whole kidney sections for both stud-
ies in Supplemental Figs. S31 and S33,
respectively. Details about the antibodies
used and CyCIF cycles for both studies
are described in Supplemental Table S2.
CMC, carboxymethylcellulose; CyCIF, cy-
clical immunofluorescence.
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are fragile and cannot be reliably cut sequentially across large
tissue blocks. To address this, we developed a protocol for the
use of lowmelting point fish gelatin (LMG) (34), as an alterna-
tive mounting medium (22). We were able to consistently cut
8-lm sequential sections across large tissue blocks mounted
in LMG. To determine whether antibodies perform similarly
on CMC- and LMG-mounted tissues, we evaluated nine of the
same tubular panel antibodies using for cycles 1, 2, and 4, on
an LMG-mounted tissue section (Supplemental Table S2 and
Supplemental Fig. S32). Staining characteristics of these anti-
bodies were similar in LMG- and CMC-mounted sections
(Supplemental Figs. S31 and S32). Next, we evaluated a panel
of antibodies designed to evaluate glomerular and glomeru-
lus-associated structures in sections from the same gelatin-
mounted tissue block (Fig. 1, D–F, Supplemental Table S2,
and Supplemental Fig. S33). This panel included seven
new antibodies, LTL lectin, and five of the antibodies used
in the tubular segmentation panel, all of which demon-
strated the anticipated staining characteristics based on
our initial IF validation studies. Further validation of all
17 antibodies and one lectin used for CyCIF studies is pro-
vided by comparison with the larger panel of markers.
This is summarized in the comments on antibody staining
characteristics in the three CyCIF studies we performed
that are included in Supplemental Table S2.

Three-Dimensional Cyclical Immunofluorescence
Microscopy

Having validated a panel of glomerular and glomerulus-
associated antibodies for CyCIF on frozen kidneys mounted
in LMG and shown that we could reliably cut sequential sec-
tions across large LMG-mounted tissue blocks, we sought to
determine whether the same set of antibodies could be used
on sequential tissue sections to build a three-dimensional
CyCIF composite image of the human kidney. These 3-D
images could be used to measure clinically relevant datasets
such as glomerular volumes, podocyte cell numbers, tubular
segment volumes and cell numbers, and the presence of a tu-
bular glomeruli, which cannot be assessed from simple 2-D
images. To address this, we performed CyCIF using the panel
of 12 glomerular and glomerulus-associated antibodies and 1
lectin on 53 sequential 8-lm sections taken from the gelatin-
mounted tissue block (0.424 mm depth). Following individ-
ual cycle co-registrations, VALIS algorithm implementation
was used to co-register all of the tissue sections to create a 3-
D volume (30). Images were generated using four antibody
channels (a-SMA, CD31, Na-K-ATPase, and podocalyxin)
from the panel of 13 markers to best visualize 3-D glomeru-
lar, tubular (TAL), and vascular segmentation of the human
kidney (Fig. 2 and Supplemental Figs. S34 and S35).

DISCUSSION

In these studies, we describe a standardized approach to
validate a panel of 27 antibodies and one lectin for IFmicros-
copy of normal human kidneys. This panel of markers was
designed to be used to identify 18 different cell types and 5
ECM compartments in the human kidney and was used to
generate a more selective OMAP that includes 17 antibodies
and one lectin for CyCIF microscopy of the human kidney.

As far as we are aware, this is the most comprehensive and
systematic validation of a single antibody panel that can be
used to identify the major cell types and ECM compartments
in the adult human kidney. Additional kidney-specific CyCIF
OMAP antibody panels are currently being validated that will
complement this normal tissue OMAP to incorporatemarkers
of cellular injury, proliferation, survival, and signaling that
occur in disease states. As of December 2023, there are 13

A

B

Slide #18 Slide #24

Slide #30

�-SMA/CD31/NaK-ATPase/PODXL

Slide #46
Figure 2. Three-dimensional (3-D) CyCIF microscopy of the human kidney.
CyCIF was performed using the glomerular antibody panel on 53 sequen-
tial sections obtained from a normal human kidney block mounted in low
melting point gelatin. After image registration, 3-D images were generated
using 5 antibody channels from the panel of 13 markers for optimal visual-
ization. A: 3-D representation showing muscularized vessel branching (a-
SMA and CD31 staining) toward individual glomeruli (podocalyxin staining)
and tubular structure of the thick ascending limb (UMOD staining). B:
CyCIF of selected sections from the same series. Scale bars ¼ 125 lm.
Details about the antibodies, CyCIF cycles, and tissue sections are described
in Supplemental Table S3. Movies through the 3-D series are shown in
Supplemental Figs. S34 and S35. CyCIF, cyclical immunofluorescence.
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OMAPs (https://humanatlas.io/omap) covering 11 organs
(lymph node, intestines, kidney, spleen, palatine tonsil, full
term placenta, eye retina, pancreas, lung, skin, and liver) and
357 antibodies. There are several antibody clones that have
been validated independently in different tissues by different
research groups, different preservation techniques, and MxIF
technologies. Each will have its own AVR. This will allow
HuBMAP and the MxIF community to be able to find anti-
body clones that work universally across many tissues
and preservation methods and benefit the global commu-
nity. More OMAPs are planned for the June 15, 2024, HRA
release covering more tissues, preservation methods, and
technologies.

A number of guidelines have been published outlining the
requirements for antibody validation for different research
applications (1–5, 35). Despite this, the lack of standardiza-
tion in antibody validation remains a major contributor to
irreproducibility of research (6). This has been of particular
concern with immunohistochemistry since even minor dif-
ferences in tissue preparation can have significant effects on
both nonspecific staining and antibody cross-reactivities (8,
35). Although antibody manufacturers often provide back-
ground information that supports the antibody’s specificity
and selectivity for binding to target proteins, including
Western blots using overexpressed protein targets, knockout
or knockdown cell-validated staining or Western blots,
immunoaffinity purification andmass spectrometry, epitope
mapping, and/or protein array data, there is no guarantee
that the same antibodies will have target specificity in the
more complex milieu of a whole organ tissue section.
Indeed, in a recent review on the topic, it was noted that of
the �60,000 antibodies analyzed by the Human Protein
Atlas (www.protein.atlas), most of which were validated by
Western blot, more than a half did not perform satisfactorily
for immunohistochemical applications (3). On this basis,
while basic information about antibody specificity should be
provided by the manufacturer, the burden of proof for im-
munohistochemical applications often lies with the investi-
gator. Unless the investigator comes from a laboratory that
has a strong focus on antibody validation, cost and time con-
straints often limit the amount of effort that may seem, at
least on the surface, to be a less productive use of their time
and money than performing the next hypothesis testing bio-
logical experiment. A common theme, however, from all of
these guidelines is that the validation criteria should be
transparent, and that all of the applicable data and method-
ologies should made available to the reader for them to inde-
pendently evaluate. For this reason, we have provided
detailed information about tissue preparation, storage, proc-
essing, and staining protocols that we have been using and
have provided open access to the digital images that we gen-
erated using these protocols and antibodies so that the
reader is able to independently evaluate their validity.

In addition, the published validation guidelines indicate
that validation criteria should be relevant to the application
used. In our case, we have used criteria to establish the valid-
ity of using our panel of antibodies to stain defined cell types
and ECM compartments in the adult human kidney in a re-
producible fashion. We therefore consider these antibody
“targets” to be the cell types and ECM compartments, rather
than individual proteins. This approach is consistent with

published guidelines (4), and also speaks to the importance
of addressing the specific requirements of the assay being
validated, rather than completing a generic template to vali-
date all antibodies for all possible applications in the same
way. For example, for our application, we do not necessarily
have to independently show that our antibodies bind to
exactly the same protein molecules in these tissue sections as
was specified in the manufacturer’s datasheets [e.g., using
Proximity Ligations Assays to show that two antibodies bind
to the same protein by demonstrating a signal that only
appears when both antibodies bind the same molecule in a
tissue section (36)]. This information can be inferred from the
anticipated cellular and ECM distribution of antibody stain-
ing pattern based on published data, for example from studies
using different antibodies, or orthologous methods such as in
situ hybridization, and/or single cell RNA sequencing etc.,
which define the anticipated cellular expression of the target
protein/gene. For our purposes, therefore, to show that the
antibodies bind to the anticipated cellular or ECM targets, we
have performed co-labeling studies with other antibodies that
determine, with different degrees of certainty (i.e., approved,
supported, or enhanced), that the antibodies are only staining
the anticipated cell types or ECM structures. In this way, we
provide a practical approach for antibody validation that
meets our specific experimental needs and nomore.

Since the methods we use for CyCIF microscopy do not
require specialized instrumentation, and image registration
required to assemble CyCIF images can be performed by any
laboratory without specialized computational skills by follow-
ing the step-by-step instructions provided in this manuscript,
they are accessible to any laboratory with access to a fluores-
cence microscope with a digital image scanner, enabling spa-
tial cellular phenotyping and the discovery of cellular
neighborhoods in normal and disease states. In addition,
CyCIF microscopy makes it possible to perform highly multi-
plexed IF microscopy of whole slide images, which is an
advantage over some of the other MxIF imaging techniques
that are only applicable to limited fields of view. This enables
a broader view of cell distributions across large anatomical
regions and organ systems, allowing a better chance of captur-
ing localized regions of dysfunction in diseased tissues. This
ability to perform multiplexed imaging without specialized
reagents or instrumentation also opens the door to integration
with other molecular imaging modalities such as spatial tran-
scriptomics and imaging mass spectrometry (IMS), enabling
the discovery of molecular markers of specific cell types and
how those molecular profiles are altered in diseased tissues.
Untargeted molecular imaging data provide deeper molecular
content but without a direct link to specific cell types or ana-
tomical features, which is necessary to fully describe drivers of
disease. Integrating MxIF data with technologies such as spa-
tial transcriptomics and imaging mass spectrometry allows
cellular information to be layered on top of molecular profiles.
This is underscored when analysis at scale by means of
machine learning driven analysis is considered. An example
of this is the automated biomarker candidate discovery previ-
ously described in Tideman et al. (37) Here, the search for mo-
lecular species that are differentially expressed between
biological structures and states was approached in an auto-
mated manner by bringing together high-dimensional IMS
measurements with microscopy-supplied spatial delineations

ANTIBODY VALIDATION FOR CYCLICAL IMMUNOFLUORESCENCE MICROSCOPY

F100 AJP-Renal Physiol � doi:10.1152/ajprenal.00426.2023 � www.ajprenal.org
Downloaded from journals.physiology.org/journal/ajprenal at TU Delft Lib (145.094.219.089) on January 22, 2025.

https://humanatlas.io/omap
http://www.protein.atlas
http://www.ajprenal.org


of tissue structures and cell types of interest, using machine
learning methodology to automatically identify biomarker
candidates and estimate their relevance to recognizing the bio-
logical class of interest.

Currently, machine learning approaches have primarily
been demonstrated in 2-D scenarios. However, since biologi-
cal (and pathological) processes are, in reality, playing out in
a 3-D context, there is a concern that such processes are sub-
optimally sampled or described in 2-D experiments, which
could lead to missed observations. It is therefore pressing to
generalize multimodal analyses to make them inherently 3-
D-aware. The availability of machine learning approaches to
integrate and mine such massively high-dimensional data-
sets holds enormous potential to reveal new insights into
specific diseases. As an initial step toward this goal, our stud-
ies have shown that CyCIF microscopy on sequential sec-
tions can be effectively co-registered using mathematical
algorithms to generate 3-D volumes. Future studies will use
validated OMAPs to provide three-dimensional human kid-
ney structure delineations, segmentations, and annotations,
prerequisites to unlocking some of the added spatial specific-
ity that 3-D datasets can bring. Other approaches, such as tis-
sue cytometry, which allows multiplexed analysis with a
limited number of antibodies in thick tissue sections (50 to
100 lm) in 3-D, provide an alternative approach (26, 38, 39).
However, unlike CyCIF, this methodology does not lend
itself scale, allowing analysis across larger volumes of tissue
that would allow integration with other highly multiplexed
lipid, metabolite, protein, RNA, and DNA datasets that are
obtained on sequential sections cut through the body of the
kidney.
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