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Multispectral Imaging Enables 
Characterization of Intrahepatic 
Macrophages in Patients With Chronic 
Liver Disease
Omar A. Saldarriaga,1 Benjamin Freiberg,2 Santhoshi Krishnan,3,4 Arvind Rao,3-5 Jared Burks,6 Adam L. Booth ,1 Bradley Dye,1 
Netanya Utay,7 Monique Ferguson,8 Abdellah Akil,9 Minkyung Yi,9 Laura Beretta ,10 and Heather L. Stevenson 1

Intrahepatic macrophages influence the composition of the microenvironment, host immune response to liver injury, 
and development of fibrosis. Compared with stellate cells, the role of macrophages in the development of fibrosis re-
mains unclear. Multispectral imaging allows detection of multiple markers in situ in human formalin-fixed, paraffin-
embedded tissue. This cutting-edge technology is ideal for analyzing human liver tissues, as it allows spectral unmixing 
of fluorophore signals, subtraction of auto-fluorescence, and preservation of hepatic architecture. We analyzed five dif-
ferent antibodies commonly observed on macrophage populations (CD68, MAC387, CD163, CD14, and CD16). After 
optimization of the monoplex stains and development of a Spectral Library, we combined all of the antibodies into a 
multiplex protocol and used them to stain biopsies collected from representative patients with chronic liver diseases, 
including chronic hepatitis C, nonalcoholic steatohepatitis, and autoimmune hepatitis. Various imaging modalities were 
tested, including cell phenotyping, tissue segmentation, t-distributed stochastic neighbor embedding plots, and pheno-
type matrices that facilitated comparison and visualization of the identified macrophage and other cellular profiles. We 
then tested the feasibility of this platform to analyze numerous regions of interest from liver biopsies with multiple 
patients per group, using batch analysis algorithms. Five populations showed significant differences between patients 
positive for hepatitis C virus with advanced fibrosis when compared with controls. Three of these were significantly 
increased in patients with advanced fibrosis when compared to controls, and these included CD163+CD16+, CD68+, 
and CD68+MAC387+. Conclusion: Spectral imaging microscopy is a powerful tool that enables in situ analysis of mac-
rophages and other cells in human liver biopsies and may lead to more personalized therapeutic approaches in the 
future. (Hepatology Communications 2020;4:708-723).

Intrahepatic macrophages are of critical impor-
tance in progression of inflammation and fibro-
sis in nonalcoholic steatohepatitis (NASH). 

NASH develops by multiple hits stemming from  
lipid accumulation, metabolic disruption, and oxida-
tive stress resulting in a pro-inflammatory state with 

Abbreviations: AIH, autoimmune hepatitis; CPA, collagen proportionate area; DAPI, 4′,6-diamidino-2-phenylindole; FFPE, formalin-f ixed, 
paraff in-embedded; HCV, hepatitis C virus; HIV, human immunodef iciency virus; IHC, immunohistochemical; MHAI, modif ied hepatitis activity 
index; NAS, nonalcoholic fatty liver disease activity score; NASH, nonalcoholic steatohepatitis; PASD, periodic acid–Schiff with diastase; ROI, region 
of interest; TBST, trishydroxymethylaminomethane-buffered saline Tween 20; TSA, tyramide signal amplif ication; t-SNE, t-distributed stochastic 
neighbor embedding.
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subsequent activation of Kupffer cells and recruitment 
of monocyte-derived macrophages.(1) Although less 
well understood, macrophages also play a role in devel-
opment of autoimmune hepatitis (AIH) through their 
action as antigen-presenting cells. Pro-inflammatory 
(M1-like) macrophages are increased in patients with 
AIH(2) and are associated with increased fibrosis 
progression.(3)

Macrophages are difficult to isolate from human 
liver tissue and easily become activated, changing 
their phenotype when manipulated or cultured.(4,5) 
Although flow cytometry is able to analyze multiple 
antigens on suspensions of freshly isolated macro-
phages, it is unable to visualize them in the context 
of hepatic architecture,(6) and fresh human tissue is 
not always available. Other innovative platforms such 
as single-cell RNA sequencing or mass cytometry 
(e.g., CyTOF [Fluidigm Corp., South San Francisco, 
CA]) are able to analyze multiple markers on intrahe-
patic macrophages(7,8); however, these do not preserve 
hepatic architecture or allow the location of the iden-
tified cell populations to be determined. Moreover, 
mouse models of certain liver diseases, such as those 
induced by HCV infection or NASH, are poor surro-
gates, as they fail to replicate the chronicity observed 
in humans.(9) Routine immunohistochemical (IHC) 
staining of human liver biopsies can identify macro-
phages in formalin-fixed paraffin-embedded (FFPE) 
tissues; however, there are many limitations, including 
the inability to stain multiple antigens on the same 

cellular compartment(10) and dependence on the avail-
ability of primary antibodies raised in different species 
to prevent cross-reactivity.(6)

A cutting-edge technique has been developed that 
allows in situ characterization of human cells in FFPE 
tissues: the Vectra 3 quantitative pathology imaging 
system (Akoya Biosciences, Hopkinton, MA). This 
technology has been used primarily for evaluating 
tumor-infiltrating lymphocytes.(11) It allows spectral 
unmixing of fluorophore signals with subtraction of 
background auto-fluorescence, producing a clean sig-
nal without interference from neighboring spectral 
wavelengths. For this study, we hypothesized that this 
platform would successfully quantify and phenotype 
intrahepatic macrophages in situ in patients with non-
neoplastic liver disease.

Methods
PATIENT BIOPSIES

The University of Texas Medical Branch 
Institutional Review Board approved the protocol, 
and all studies were conducted on de-identified, 
archived liver biopsies collected from 2006 to 2017. 
Biopsies were obtained as standard of care by licensed 
radiologists through the percutaneous route using an 
18-gauge core needle. First, we obtained represen-
tative liver biopsies from a control patient (n  =  1)  

View this article online at wileyonlinelibrary.com.
DOI 10.1002/hep4.1494

Potential conflict of interest: Dr. Rao consults for Voxel Analytics. He received grants from ACS, Agilent Technologies, and CHI. Dr. Freiberg is 
employed by Visiopharm.

ARTICLE INFORMATION:
From the 1 Department of Pathology,  University of Texas Medical Branch, Galveston, TX; 2 Visiopharm, Hoersholm, Denmark; 
3 Department of Electrical and Computer Engineering,  Rice University, Houston, TX; 4 Department of Computational Medicine 
and Bioinformatics,  University of Michigan, Ann Arbor, MI; 5 Department of Radiation Oncology,  University of Michigan, Ann 
Arbor, MI; 6 Department of Leukemia,  University of Texas MD Anderson Cancer Center, Houston, TX; 7 Department of Internal 
Medicine,  University of Texas Health Science Center at Houston, Houston, TX; 8 Department of Internal Medicine,  University of 
Texas Medical Branch, Galveston, TX; 9 Department of Microbiology and Immunology,  University of Texas Medical Branch, Galveston, 
TX; 10 Department of Molecular and Cellular Oncology,  University of Texas MD Anderson Cancer Center, Houston, TX.

ADDRESS CORRESPONDENCE AND REPRINT REQUESTS TO:
Heather L. Stevenson, M.D., Ph.D.  
Department of Pathology, University of Texas Medical Branch  
712 Texas Ave., Clinical Services Wing, Room 5.506Q  

Galveston, TX 77555-0416  
E-mail: hlsteven@utmb.edu  
Tel.: +1-409-772-8554 

mailto:hlsteven@utmb.edu


Hepatology Communications,  May 2020SALDARRIAGA ET AL.

710

and from patients with chronic liver disease due to 
HCV (n  =  1), NASH (n  =  1), and AIH (n  =  1), to 
optimize the multiplex staining and imaging anal-
ysis. Next, we collected liver biopsies from multiple 
patients per group and compared healthy controls 
(n  =  8) to patients with clinically (by serology and 
molecular testing) and biopsy-confirmed HCV 
with minimal fibrosis (n  =  5) and advanced fibrosis 
(n  =  6). Control biopsies were from patients with-
out known liver disease who had normal transami-
nases and minimal histopathologic findings. The 
HCV+ and control patient groups were matched for 
age, sex, body mass index, human immunodeficiency 
virus (HIV), and genotype. At collection, tissue was 
immediately placed into 10% buffered formalin and 
processed using a TissueTekVIP tissue processor 
(Sakura Finetek, Torrance, CA), paraffin-embedded,  
and sections were cut at 3  μm using Thermo-
Fisher CryoStar NX70 cryostats (Waltham, MA). 
Hematoxylin and eosin, periodic acid–Schiff with 
diastase (PASD), and Masson’s trichrome stains were 
conducted on a Ventana Ultra automated stainer 
(Roche Diagnostics, Tucson, AZ). All processing was 
performed in a College of American Pathologists–
accredited laboratory by certified histotechnologists. 
Tissue blocks were stored at room temperature and 
sectioned immediately before multiplex staining, 
whenever possible. Slides that were unable to be 
stained within in 1 week were stored at −80°C in 
slide storage boxes wrapped with parafilm (to reduce 
moisture exposure).(12)

FIBROSIS QUANTITATION
We used a quantitative method to determine the 

collagen proportionate area (CPA).(13) Masson’s tri-
chrome stains were digitally scanned on an Aperio 
ImageScope Digital slide scanner (Leica Biosystems, 
Wetzlar, Germany), and low-power (×1.2) images of 
the entire surface area of each core was measured in 
number of pixels using Nikon’s NIS Elements-BR 
Imaging Software (Tokyo, Japan). Next, blue-stained 
areas from the trichrome stain were identified, and 
thresholds were set using the software. The fibrotic 
area was divided by the total biopsy surface area to 
obtain the percent fibrosis (% fibrosis = [∑fibrotic area 
in pixels/∑ total area in pixels] × 100). Liver capsules 
and large portal tracts (identified by presence of nerve 
bundles) were excluded.

VECTRA 3 PLATFORM
The Vectra 3 (Vectra AI, San Jose, CA) is an 

automated quantitative pathology imaging system 
that detects up to seven antibodies in the same tis-
sue section. Vectra 3.0.3, inForm 2.4.0 (PerkinElmer, 
Waltham, MA), and Phenochart 1.0.4 (Akoya 
Biosciences) software programs come with the plat-
form. For all experiments, we used Opal 7-color 
manual IHC kits (50 slides, cat. #: NEL811001KT; 
Akoya Biosciences). This system acquires images from 
tissue sections labeled with Opal-conjugated fluoro-
phores combined with tyramide signal amplification 
(TSA), allowing for enhanced signal intensity and 
removal of antibodies with each antigen retrieval step. 
Images from monoplex and multiplex stained slides 
were acquired using the Vectra multispectral camera 
configured to capture discrete intervals (every 20 nm) 
across the spectrum from 420 nm to 720  nm.(14,15) 
The Vectra 3 uses a liquid crystal tunable filter, and 
each image generated has 35 wavelength λ channels, 
which allows extraction of spectral data from the 
images for analysis.

SPECTRAL LIBRARY 
DEVELOPMENT

Before developing a multiplex protocol for spectral 
imaging, refer to the detailed “Opal Multiplex Assay 
Development Guide” provided by Akoya Biosciences 
(https://www.akoya​bio.com/appli​catio​n/files/​ 
5715/5510/3342/Akoya_Opal_Assay_Devel​opment_
Guide.pdf ). For all of the steps in this study, unstained 
sections from liver-biopsy tissue blocks were used. We 
first assigned Opal fluorophores to each marker and 
performed titration of primary antibodies (Fig. 1). 
Fluorescence and simulated IHC views from inForm 
software and synthetic library spectra were used to 
evaluate proper cellular morphology and staining 
patterns (by a subspecialty-trained, board-certified  
pathologist [H.L.S.]). For the auto-fluorescence 
inherently present in liver tissue to be subtracted 
from future analyses, an unstained control slide was 
incubated with primary antibody, without the addi-
tion of Opal TSA and 4′,6-diamidino-2-phenylindole  
(DAPI). After the optimal staining condition for 
each antibody was obtained, Opal TSA concentra-
tions were adjusted to achieve target intensities (5-30 
inForm normalized counts). Antigen-retrieval buffers 

https://www.akoyabio.com/application/files/5715/5510/3342/Akoya_Opal_Assay_Development_Guide.pdf
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(AR6 [Biogenex, Fremont, CA] versus AR9 [Akoya 
Biosciences]) with the least-nonspecific staining 
were selected (Fig. 1). Controls, including “mono-
plex” stains with each individual antibody/Opal flu-
orophore combination (without DAPI), DAPI alone, 
and an unstained liver biopsy tissue section were used 
to build the Spectral Library for subsequent spectral 
unmixing in the multiplex assay.(14) Briefly, represen-
tative fields from the single color slides were imaged 
at 20× using the Vectra 3, and spectra were extracted 
from acquired images using inForm and saved to the 
Spectral Library. The quality of the Spectral Library 
was assessed by evaluating unmixed images to confirm 

the absence of spectral overlap or bleed-over between 
channels, and by evaluating the values of unmixed 
peaks for each fluorophore (Fig. 2).

MULTIPLEX ASSAY DEVELOPMENT
Multiplex staining requires use of optimized con-

ditions determined from the monoplex slides, as 
described previously. The detection of five macro-
phage markers in human-liver FFPE tissue samples 
was performed using the Opal 7-color manual IHC 
kits. Slides were heated at 60°C for 45-60  minutes, 
residual paraffin was removed using xylene (Fisher, 

FIG. 1. (A) Antibodies, optimized multiplex conditions, and steps used to identify intrahepatic macrophages in human FFPE liver 
biopsies. To optimize antibody concentrations, we first evaluated different dilutions of primary antibodies using the simulated bright field 
view in the inForm software program and chose the dilution with the best staining pattern (determined by a subspecialty-trained, board-
certified pathologist). We then evaluated different dilutions of the Opal fluorophores until signal intensities were in the optimal range 
and well balanced between each of the monoplex slides. Once these steps were optimized, we then combined the antibodies together in 
the multiplex assay. *Akoya Biosciences, **Biogenex, ***Ready to Use (RTU). (B) Workflow for assay development and imaging analysis. 
The flow diagram highlights the optimization steps as well as the seven steps used for imaging acquisition and analysis. Step 1: Whole 
slides containing liver biopsy tissue were scanned with the Vectra 3 at low magnification (10×). Step 2: Vectra 3 was coupled with 
the Phenochart application, which allows whole-slide navigation, annotation, and identification/selection of areas of interest for high-
resolution acquisition. For comparison of the initial single images, we selected representative 20× images that contained both portal tracts 
and lobules from either controls or patients with different types of liver disease (i.e., HCV, NASH, and AIH). For the experiments with 
multiple patients per group, the software randomly selected ROIs from 50% of the total surface area of each liver biopsy and captured 
these images using the 20× lens. Step 3: Images obtained were imported into inForm software to create a training project, which allows 
unmixing of signals and removal of tissue autofluorescence (using the previously optimized Spectral Library, Fig. 2). Step 4: Using inForm, 
we then optimized liver-tissue segmentation (using both manual and trainable methods) into portal tracts and lobules, performed cell 
segmentation, and confirmed antibody staining within the proper compartment (i.e., nucleus, cytoplasm, and/or membrane). Step 5: 
Macrophages were phenotyped based on the labeling of CD68, CD163, MAC387, CD14, and CD16. The likelihood of co-localization 
of different fluorophores was compensated during the phenotyping step using Visiopharm analysis, which uses two important parameters: 
signal intensity and percent coverage. Scoring of the macrophage markers was also possible after selecting the optimized marker threshold 
using inForm software, processing only two markers at a time. Step 6: Optimized settings and conditions were saved as an algorithm that 
was then used to analyze all of the images in “batch” (i.e., all images from all patients analyzed with the same setting conditions). Step 7: 
Data of individual cells were identified using the cell segmentation data feature of inForm.
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Fair Lawn, NJ) (3 × 10 minutes), and tissue was rehy-
drated in a graded series of histological grade ethanol 
solutions (100%: 1 × 10 minutes; 95%: 1 × 10 minutes; 
and rinsed in 70%), then rinsed with distilled water. 
Slides were fixed in 10% neutral-buffered formalin 
(Fisher, Kalamazoo, MI) for 30-45  minutes, rinsed 
in water, and placed in standardized antigen-retrieval 
buffers (i.e., AR9 PE for CD68; Fig. 1). Slides were 
then microwaved at 95°C for 15  minutes using the 
EZ retriever system V3-110V (Biogenex, Fremont, 
CA), which uses a temperature-controlled antigen 

retrieval system. Slides were cooled to room tempera-
ture and then washed with water and tris-buffered  
saline (trishydroxymethylaminomethane-buffered saline  
Tween 20 [TBST], 0.1%]). A hydrophobic barrier 
pen (Vector Labs, Burlingame, CA) was used to sur-
round tissue on the slide. Blocking was performed 
with 2-3 drops of antibody diluent/blocking solution 
(included with the Opal kit) for 10 minutes at room 
temperature in a humidified chamber, followed by 
incubation with 150 µL of the first primary antibody 
(Fig. 1). Slides were incubated with two drops of sec-
ondary antibody mix (polymer horseradish peroxidase 
Ms + Rb) for 10 minutes. Slides were then incubated 
for 10 minutes with 150 µL of the standardized dilu-
tion of the assigned Opal selected for the antibody in 
position 1 (i.e., Opal 520 [1:300] for CD68). After 
primary antibody, secondary, and Opal incubations, 
slides were rinsed in TBST and washed in TBST 
(3 × 2 minutes). Slides were ready for another round 
of antigen retrieval after removal of the previously 
added antibodies, and this step was repeated until 
all targets of interest were detected using a different 
opal fluorophore for each marker. After each antigen- 
retrieval step, the protocol restarts at the blocking step 
until all antibodies are used. AR6 buffer was always 
used before nuclear counterstaining with DAPI. 
Nuclei were stained with 150  µL of DAPI (Akoya 
Biosciences) diluted in TBST (15 µL/mL × 4 minutes).  
After nuclear staining, the slides were washed for 
2  minutes in TBST and 2  minutes in water before 
mounting with Invitrogen ProLong Diamond 
Antifade Mountant (Thermo Fisher Scientific, Grand 
Island, NY) and cover-slipped. Samples were stored at 
4°C until imaged.

IMAGING ACQUISITION AND 
ANALYSIS

After we determined the absence of interference 
between each antibody signal and rebalanced specific 
signals to ensure that target intensities were in range, 
we proceeded to imaging acquisition and analysis. 
Detailed steps are shown in the flow diagram (Fig. 1).  
We first evaluated the macrophage multiplex panel 
and subsequent Vectra analysis using a single image 
from biopsies of patients with different liver diseases 
(HCV, NASH, and AIH) and then applied the plat-
form to analyze biopsies from multiple patients per 
group using batch analysis. We used two different 

FIG. 2. Spectral Library generated from optimized monoplex 
stains and an unstained liver biopsy section. A single slide from 
each antibody-Opal fluorophore pair, a single slide with DAPI 
alone, and an unstained slide were analyzed using inForm software 
(included with the Vectra 3 platform) to create a “Spectral 
Library.” The Spectral Library is one of the main advantages of 
using the Vectra 3 platform, as it eliminates spectral overlap by 
unmixing the various fluorophore signals and allows subtraction of 
autofluorescence. Abbreviations: FITC, fluorescein isothiocyanate; 
TRITC, tetramethyl rhodamine isothiocyanate.
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approaches for imaging analysis. First, for single-image  
comparisons, multicomponent TIFF images were 
exported and provided to Visiopharm (Hoersholm, 
Denmark) for analysis. The heterogeneity and dis-
tribution of the various macrophage phenotypes in 
the study groups was determined using Visiopharm’s  
t-distributed stochastic neighbor embedding (t-SNE) 
and phenotypic matrix algorithms, which facilitated 
visualization and comparison of macrophage profiles in 
liver biopsies of different disease types. t-SNE allows 
for visualization of high-dimensional data in 2 or 3 
dimensions, while preserving the innate structure and 
variance of the data. The likelihood of co-localization  
of different fluorophores was compensated during the 
phenotyping step by using two important parame-
ters: signal intensity and percent coverage. Second, for 
batch analysis, “cell_seg” files containing marker and 
location information of each cell in the image were 
exported and provided to the Bioinformatics group 
at the University of Michigan for thresholding and 
phenotype separation based on thresholds provided 
through InForm. Thresholds for specific markers 
were adjusted using images from control patients and 
then applied to all the images using a batch analy-
sis approach, processing only two markers at a time. 
Mean normalized counts from the different mac-
rophage markers were used in the analysis pipeline. 
The heterogeneity and distribution of these various 
cell phenotypes in the study groups were determined 
using t-SNE, which allowed comparison of cellular 
profiles in liver biopsies at different stages of fibrosis. 
The t-SNE was generated using all of the expression 
intensity values for the five biomarkers of interest: 
CD68, CD163, MAC387, CD14, and CD16. Using 
the raw intensity values in the “cell_seg” Excel file, 
principle component analysis (PCA) was performed to 
identify the 10 components with the highest variance, 
and the PCA-embedded matrix was used to compute 
the t-SNE plot. For the study, the expression of all 32 
possible combinations of macrophage subpopulations 
under study were generated, and their proportions per 
patient and per group were also computed.

STATISTICAL ANALYSIS
The nonparametric Wilcoxon rank-sum test (also 

called the Wilcoxon Man-Whitney U test) was used to 
compare the relative abundance of the possible marker 
combinations among the three patient groups (control, 

minimal, and advanced fibrosis). Adjustment for multi-
ple testing (due to the large number of possible marker 
combinations) was performed using the Benjamini-
Hochberg false discovery rate, with P  <  0.05 chosen 
for significance. Analysis was performed using the 
image processing and statistics toolbox available in 
MATLAB 2019a (MathWorks, Natick, MA).

Results
SPECTRAL LIBRARY 
DEVELOPMENT

Standardization of the multiplex protocol requires 
evaluation of each macrophage marker singly in a 
“monoplex” assay, to optimize the antibody/Opal con-
centrations required to achieve the ideal morphologic 
staining pattern and proper target intensities (Fig. 1). 
AR6 buffer combined with use of the EZ retriever 
microwave system was effective in preventing non-
specific staining. Individual monoplex stains without 
DAPI were used to create the Spectral Library, which 
provided precise patterns for each fluorophore emission 
spectrum that was later required for spectral unmixing 
of multiplex stained slides (Fig. 2). The staining pattern 
of the macrophage markers, which was evaluated in an 
AIH liver biopsy by fluorescence (Fig. 3A) and simu-
lated bright-field view using inForm software (Fig. 3B),  
were restricted to specific cellular compartments, as 
previously reported.(16,17) CD14 was also expressed 
on liver sinusoidal endothelial cells as expected.(18,19) 
Although the distribution of the CD68+ and CD163+ 
macrophages looked similar, the CD163+ staining pat-
tern was noticeably more intense and highlighted foci 
within the lobules that were devoid of hepatocytes and 
contained large aggregates of macrophages (Fig. 3A, 
PASD stain/inset). Individual monoplex images from 
a representative control patient are shown for compar-
ison (Supporting Fig. S1).

BIOPSIES FROM PATIENTS WITH 
CHRONIC LIVER DISEASES 
SHOWED EXPANSION OF 
CELLULAR PHENOTYPES WHEN 
COMPARED WITH CONTROLS

Next we combined the optimized antibodies from 
Figs. 1‒3 to create a multiplex panel. We first used 
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it to stain unstained slides from a control (n  =  1)  
or patients with HCV (n  =  1), NASH (n  =  1), and 
AIH (n  =  1), and selected a representative multiplex 
image from each patient that included both portal 
and lobular areas (Fig. 4). Figure 4 shows these rep-
resentative images (Fig. 4A) and examples of the tis-
sue segmentation feature of the software (Fig. 4B). 
Each disease displayed a unique pattern of portal and 
lobular populations (Fig. 4A). When compared with 
controls, biopsies from patients with chronic liver dis-
eases showed increased staining in portal tracts and 
lobules (Fig. 4A,B). The liver biopsy obtained from 
the patient with active AIH (modified hepatitis activ-
ity index [MHAI]: 13/18; Ishak fibrosis stage: 2/6) 
showed the most prominent staining within both the 
portal tracts and lobules, particularly when compared 
with controls (Fig. 4A). This patient had increased 
percentages of cells expressing many of the markers 
used in this study when compared with the other dis-
ease types and controls (Supporting Fig. S2). All types 
of chronic liver disease showed increased expression of 
the pan-macrophage marker CD68 and MAC387+ 
monocyte-derived macrophages in the portal tracts 
when compared with controls; however, numbers were 
markedly increased in the patients with NASH and 
AIH (Supporting Fig. S2). Visiopharm analysis of the 
multicomponent TIFF files acquired from the repre-
sentative images shown in Fig. 4A determined the dif-
ferences in cellular phenotypes (Fig. 5A) and cluster 
analyses (Fig. 5B). In Fig. 5A,B, each color represents 
a different phenotype of cell, including macrophages. 
t-SNE plots highlighted expansion and increased 
complexity of cellular phenotypes in diseased livers 
when compared with the representative control patient 
in whom the cells were more tightly clustered and 
similar (Fig. 5B). Figure 6 highlights the unique cellu-
lar phenotypes identified in each of the representative 
multiplex images from Figs. 4 and 5. Visiopharm phe-
notype matrix algorithms were used to determine the 
phenotype of each colored dot/cell shown in Fig. 5A.  
Gray dots indicate cells that were negative for all mark-
ers in the multiplex assay. The most commonly iden-
tified phenotypes in each of the disease types can be 
determined by use of the scale on the right-hand side 
of the figure, in which dark green indicates the high-
est prevalence of that particular phenotype (Fig. 6).  
Even though these phenotypes were identified from 
single representative images, the control patient image 
showed increased expression of CD14+ cells, and the 

FIG. 3. Visualization of each fluorophore channel acquired from 
multiplex-staining a liver biopsy from a patient with AIH. (A) We 
stained a representative unstained liver biopsy slide from a patient 
with AIH with the multiplex panel. A single 20× fluorescence image 
that included both portal tract and lobular regions was obtained after 
spectral unmixing was applied. These steps allowed the expression of 
each individual macrophage marker to be visualized in the context of 
hepatic architecture: CD68 (green-Opal 520), CD14 (yellow-Opal 
540), CD16 (red- Opal 620), CD163 (cyan-Opal 650), MAC387 
(magenta-Opal 690), and nuclear stain (Blue-DAPI). (B) Simulated 
brightfield images were generated to recreate the staining pattern 
that would be observed by conventional IHC using chromogenic 
methods. Large aggregates of macrophages were observed in the 
lobules, and these showed high expression of CD163; these cells 
correlated with the large aggregates of macrophages that were 
observed by light microscopy (inset; PASD stain). The patient with 
AIH had active chronic hepatitis with a modified hepatitis activity 
index of 13/18 and a fibrosis stage of 2/6.(30) For comparison, images 
from a representative control patient are shown in Supporting Fig. S1.
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image from the patient with active AIH showed a 
high prevalence of two main phenotypes of macro-
phages: CD14+CD163+ and CD68+CD14+CD163+.

SPECTRAL IMAGING MICROSCOPY 
FACILITATED ANALYSIS OF 
INTRAHEPATIC MACROPHAGES IN 
MULTIPLE PATIENTS PER GROUP

We then showed that this platform could be used 
in a more high-throughput manner by using batch 
analysis to obtain many regions of interest (ROIs) 
from each liver biopsy and included multiple patients 
per group. We obtained liver biopsies from controls 
(n = 8) and patients with chronic HCV infection and 
either minimal (n  =  5) or advanced fibrosis (n  =  6). 
Demographic and clinical information for the patients 
who were HCV-positive are given in Supporting Table 
S1. Ishak criteria were used for scoring the liver biop-
sies.(20) Supporting Fig. S3 compares the liver biop-
sies from representative patients with minimal fibrosis 
(Supporting Fig. S3A,B, MHAI: 4/18; fibrosis stage: 
1/6) and advanced fibrosis (Supporting Fig. S3C,D, 
MHAI: 7/18; fibrosis stage: 6/6). CPA(13) was used to 
confirm that the patients who were HCV-positive with 
advanced fibrosis had significantly higher amounts of 
fibrosis in their liver biopsies when compared to those 
with minimal fibrosis (Supporting Fig. S4). Patients 
with advanced fibrosis had a median CPA of 24.4% 
(range: 15.5-54.865), and those with minimal fibrosis 
had a median of CPA of 5.299% (range: 1.613-8.021) 
(P  <  0.01). Vectra 3 Phenochart software was used 
to scan the entire liver biopsy tissue (at 10×) from all 
patients in each group. Phenochart was used to ran-
domly select ROIs that totaled at least 50% of the 
entire biopsy tissue, which resulted in 50-70 images 
(at 20×) acquired from each patient (Fig. 7A-C).

PATIENTS WHO ARE HCV-POSITIVE  
WITH ADVANCED FIBROSIS HAD 
SIGNIFICANTLY INCREASED 
INTRAHEPATIC MACROPHAGE 
POPULATIONS WHEN COMPARED 
WITH CONTROLS

Representative multiplex images from patients with 
minimal (Fig. 7D,F) and advanced fibrosis (Fig. 7E,G) 

FIG. 4. Spectral imaging analysis of patients with different 
chronic liver diseases (HCV, NASH, and AIH) highlights 
intrahepatic macrophages. We tested the optimized multiplex 
panel on unstained slides obtained from liver biopsies collected 
from representative patients with different types of chronic liver 
disease (n  =  1 of each disease type) that had similar fibrosis 
stages and compared them with a control patient who did not 
have liver disease (i.e., no histopathologic changes and normal 
liver enzymes at the time of biopsy) (n = 1). (A) Representative 
unmixed multispectral images obtained after staining unstained 
slides with the macrophage multiplex panel. From each biopsy, 
we chose single images that contained both portal tracts and 
lobules. Images were acquired at 20× using inForm software. 
(B) Representative images after using the tissue-segmentation 
feature of inForm on the multiplex images from (A). The  
20× images were divided into portal tract (green), lobular 
(brown), and nontissue (blue) areas. HCV: MHAI, 4/18; fibrosis 
stage, 3/6. AIH: MHAI, 13/18; fibrosis stage, 2/6. NASH: 
nonalcoholic fatty liver disease activity score (NAS), 4/8; fibrosis 
stage, 2/4. Abbreviation: PT, portal tract.
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are shown for comparison. The mean normalized data 
were analyzed using t-SNE plots of all the markers 
(Fig. 8A). We identified five unique macrophage clus-
ters and overlaid them onto their corresponding t-SNE 
plots (Fig. 8B), which showed significantly different 
expression patterns between controls and patients 

with advanced fibrosis. Specifically, the proportions of 
CD68+CD14+CD163+ macrophages and the over-
all expression of CD14+ clusters were significantly 
increased in control livers when compared to patients 
with advanced fibrosis (Fig. 8C, #1 and #2, respec-
tively). Although the proportion of CD14+ cells in the 

FIG. 6. Phenotypic matrix algorithms were used to identify macrophage and other cellular phenotypes present in liver biopsies obtained 
from patients with chronic liver disease when compared with a control. Using the same exported multicomponent TIFF files from Fig. 5,  
we used Visiopharm phenotype matrix algorithms to determine the different cellular phenotypes present in each of the 20× multiplex 
images. The colors shown for each of the different phenotypes correlate with the various colored dots (i.e., individual cells) shown in the 
multiplex images from Fig. 5. Dark green and white boxes indicate the populations with the highest and lowest prevalence, respectively. 
Approximately 20 different macrophage populations (i.e., those that are positive for CD68, CD163, or MAC387) were identified 
using the five markers in the multiplex staining assay. The patient with AIH showed two prominent populations (CD14+CD163+ and 
CD68+CD14+CD163+), and the control patient had the highest prevalence of CD14+ expression alone (in the absence of other markers). 
AIH: MHAI, 13/18; fibrosis stage, 2/6. HCV: MHAI, 4/18; fibrosis stage, 3/6. NASH: NAS, 4/8; fibrosis stage, 2/4.

FIG. 5. Spectral images analyzed with Visiopharm applications highlight cellular expansion and increased complexity in diseased livers 
when compared with controls. (A) Single multiplex images from Fig. 4A were used to export multicomponent TIFF files for Visiopharm 
analysis. A phenotyping application was used to determine the number of different cellular phenotypes present in each image after staining 
with the 6-color (including DAPI) multiplex panel. Each colored dot represents a unique cellular phenotype. Gray dots represent cells 
that were negative for all of the markers in the multiplex panel (i.e., CD68, CD14, CD16, CD163, and MAC387). (B) t-SNE plots 
highlight the unique patterns of concatenated cellular markers that are present in the representative liver images from patients with 
chronic liver diseases when compared with a control patient. This algorithm uses nonlinear dimensional reduction to allow visualization 
of high dimensional data sets. Cells with similar properties appear closer together and those that are dissimilar appear farther apart in the 
2-dimensional map. The control patient showed much less diversity in the types of macrophages and other cellular phenotypes identified 
when compared to patients with chronic liver disease. AIH: MHAI, 13/18; fibrosis stage, 2/6. HCV: MHAI, 4/18; fibrosis stage, 3/6. 
NASH: NAS, 4/8; fibrosis stage, 2/4.
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patients with minimal fibrosis was not significantly 
different when compared with the controls or patients 
with advanced fibrosis, it was also the population with 
the highest frequency in this group. Liver biopsies 
from patients with advanced fibrosis revealed three 
distinct macrophage subpopulations that had signifi-
cantly increased numbers when compared with con-
trols: (1) CD68-CD14-CD163+CD16+MAC387-, 
(2) CD68+CD14-CD163-CD16-MAC387-, and (3) 
CD68+CD14-CD163-CD16-MAC387+ (Fig. 8C, #3,  
#4 and #5, respectively). Supporting Fig. S5 shows a 

t-SNE plot that includes all patients from each group. 
The plot was separated for each patient and provides 
a low-dimensional representation of the distribution 
of biomarker expression values. There was high mix-
ing among all groups, but each shows several distinct 
regions.

The percentages of the individual phenotypes 
present in each patient’s liver biopsy are shown in 
Supporting Fig. S6. As expected, some of the patients 
with minimal fibrosis (e.g., patient 5 in the mini-
mal fibrosis group) had higher percentages of both 

FIG. 7. Example of batch analysis and collection of ROIs in each patient’s liver biopsy. We tested the feasibility of the platform for 
collecting multiple images per liver biopsy and added more patients per group. We used the multiplex panel to stain biopsies from control 
patients (n = 8) and patients with chronic hepatitis C and either minimal (n = 5) or advanced fibrosis (n = 6). Clinical information 
pertaining to these patients is provided in Supporting Table S1, and representative examples of liver biopsies collected from patients with 
minimal or advanced fibrosis are shown in Supporting Fig. S3 and S4. (A) The Phenochart application of inForm software was used to 
randomly stamp multiple ROIs in each liver biopsy (totaling at least 50% of the tissue). These corresponded to 50-70 images per patient, 
depending on the size of the liver biopsy. (B,C) Each of the ROIs were then acquired at 20×. (D,E) Representative multiplex images from 
patients who were HCV-positive with minimal or advanced fibrosis. (F,G) Examples of the tissue segmentation feature of the software 
that allowed separation of the parenchyma into portal tracts and lobules. MHAI scores and fibrosis stages for all patients in Figs. 7 and 8 
are provided in Supporting Table S1.
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FIG. 8. t-SNE analysis highlighted significantly different cellular populations between patients with advanced fibrosis due to chronic hepatitis 
C when compared with controls. We analyzed the multiple images collected from the same patients shown in Fig. 7 (controls, n = 8; minimal 
fibrosis, n = 5; and advanced fibrosis, n = 6) using expression heat maps from t-SNE and phenotype cluster analyses. (A) Heat maps showing 
differences in expression of each individual macrophage marker (CD68, CD14, CD163, CD16, and MAC387) within the control, minimal 
fibrosis, and advanced fibrosis groups. (B,C) Five clusters that were significantly increased between control and patients who were HCV-
positive with advanced fibrosis were overlaid individually on the concatenated t-SNE plot from Fig. 8A. Clusters of cells expressing the 
different markers, positive (blue) or negative (gray), are shown. These five subpopulations showed significant differences between the control and 
advanced fibrosis groups. All data are presented as median with significance calculated using the Wilcoxon rank sum test (*P < 0.05; ***P < 0.01).
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protective and pathogenic populations in their livers, 
whereas some of the patients with advanced fibro-
sis had lower percentages of potentially pathogenic 
phenotypes (e.g., patient 5 in the advanced fibrosis 
group).

Discussion
Studying macrophages in situ in human liver 

biopsy tissue, where they naturally reside, is an ideal 
approach to increase understanding of their role in 
the complex hepatic microenvironment. Advantages 
of spectral imaging include (1) detection of multiple 
antigens simultaneously, even on the same cell or cel-
lular compartment; (2) elimination of spectral overlap 
and auto-fluorescence inherently present in liver tissue 
by applying an optimized “Spectral Library (Fig. 2);” 
(3) evaluation of FFPE tissues, a common biospec-
imen source; and (4) characterization of cells in situ 
within preserved hepatic architecture and microen-
vironment. These attributes are of great importance 
when studying cells such as macrophages that exhibit 
marked plasticity(21,22) and become activated when 
manipulated.(4,5)

A critical step for successful multiplex staining with 
this platform was proper preservation of FFPE mate-
rial. We recommend using freshly cut unstained slides 
stored at room temperature if used within 1 week, 
or alternatively stored at −80°C and protected from 
moisture. For initial monoplex stains, optimal stain-
ing was determined empirically by evaluating differ-
ent antibody concentrations followed by adjusting 
Opal-TSA concentrations to obtain target intensities. 
The staining sequence for the antibodies in the mul-
tiplex reaction and use of different buffers (i.e., AR6 
or AR9) proved to be critical steps in optimization 
(Fig. 1).

Using just five markers, the results of this initial 
study further support that categorizing macrophages 
into “M1” and “M2” phenotypes is too simplistic. A 
single multiplex image acquired from patients with 
HCV, AIH, or NASH showed that compared with 
controls, patients with diseased livers have increased 
numbers of macrophages and cellular complex-
ity (Figs. 4‒6, Supporting Fig. S2). Involvement of 
hepatic macrophages in fibrosis development is most 
widely accepted in NASH, where it is known that 
Kupffer cells become activated to a pro-inflammatory 

phenotype that enhances recruitment of monocyte- 
derived macrophages into portal tracts and lobules, 
leading to subsequent activation of stellate cells.(23,24) 
Among the three chronic diseases compared in this 
study, liver biopsies obtained from patients with AIH 
showed the most intense staining with the multiplex 
panel, where large aggregates of cells were observed 
in both the portal tracts and lobules (Figs. 3 and 4).  
However, this patient had more active hepatitis 
(i.e., MHAI: 13/18) when compared with the other 
patients.

Visiopharm applications, including cellular pheno-
typing, t-SNE plots, and phenotype matrix algorithms, 
were able to highlight unique cellular populations 
by analysis of multiplex images and are powerful 
tools that facilitate comparison among different dis-
ease states. Before any definite conclusions can be 
made regarding the various phenotypes identified by 
analysis of the single images acquired from individ-
ual patients in this initial optimization study, larger 
experiments with more patients per group are needed. 
We were, however, able to gain initial insight regard-
ing macrophage phenotypes present in situ within 
the liver using this panel. Figure 6 shows that some 
populations of macrophages express both CD163 
and CD68, whereas others appear to have one or the 
other. Similar to previous reports,(25) diseased livers, 
especially those examples from patients with NASH 
and AIH, showed increased MAC387+ macrophages 
in the portal tracts (Figs. 4 and 5, Supporting Fig. S2) 
and more cell populations expressing this marker, as 
shown by the phenotype matrix plots (Fig. 6).

Liaskou et al. concluded that intermediate 
CD14++CD16+ macrophages accumulate in dis-
eased livers, are recruited from blood, differentiated 
from local CD14++CD16- monocytes, and are criti-
cal players in fibrosis development.(17) These cells had 
macrophage and dendritic cell–like features and most 
expressed CD163 and CD68, had phagocytic capa-
bility, secreted inflammatory cytokines (e.g., interleu-
kin [IL]-1, IL-6, and tumor necrosis factor alpha), 
and profibrogenic chemokines (e.g., chemokine [C-C 
motif ] ligand [CCL] 2 and CCL5). Phenotype 
matrix plots (Fig. 6) showed that several of the iden-
tified phenotypes co-expressed CD14 and CD16, and 
some CD14+CD16+ cells expressed CD163, CD68, 
MAC387, or low levels of all of these markers.

Because intrahepatic macrophages play pathogenic 
roles during chronic hepatitis C infection,(16,26) and 
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we had plenty of archived material, we used this dis-
ease to optimize batch analysis using spectral imaging 
(Fig. 7). Multiplex images showed distinct differences 
between cell populations identified in controls, and 
patients with minimal or advanced fibrosis (Fig. 8). 
Imaging analysis revealed significant increases in two 
cell clusters from patients without known liver disease, 
specifically a population of CD68+CD14+ macro-
phages and, importantly, overall increased expression of 
CD14. Interestingly, the representative control patient 
shown in Figs. 4‒6 also showed increased expression of 
CD14 alone, in the absence of the other markers. The 
increase in CD14 expression in control patients when 
compared to those with advanced fibrosis or inflam-
matory liver disease is likely due to higher expression 
of CD14 not only on macrophages, but also on liver 
sinusoidal endothelial cells. These cells are known to 
express CD14, which decreases following activation, 
as observed with HCV infection.(18) Identification of 
an apparently protective CD68+CD14+ cell popula-
tion (Fig. 8) is similar to other studies of tolerogenic 
livers and a recent study of human intrahepatic mac-
rophages that analyzed populations using single-cell 
RNA sequencing, where they had immunoregulatory 
and patrolling type functions.(7,27) Three main macro-
phage clusters were significantly increased in patients 
who were HCV-positive with advanced fibrosis when 
compared to controls, and included CD163+CD16+, 
CD68+, and CD68+MAC387+. Results using spectral 
imaging confirm previous observations that suggest 
a predominance of CD14+ cells during homeosta-
sis and increased accumulation of CD163+, CD68+, 
and MAC387+ macrophages in human chronic liver 
diseases.(17,26,28,29)

Characterization of the CD163+ macrophage func-
tion has varied depending on the study; some reports 
suggest they confer a characteristic M2-like pheno-
type that is increased in portal tracts and lobules of 
patients with chronic HCV.(26,29,30) Results of this 
study showed CD163+ populations that expressed 
either CD14 or CD16 or both (Fig. 6). In addition, 
patients who were HCV-positive with advanced 
fibrosis when compared to controls had increased per-
centages of CD163+CD16+ macrophages, whereas 
controls had increased CD163+CD14+ macrophages 
(Fig. 8). The intermediate pro-inflammatory mono-
cyte subset CD14++CD16+, which accumulates in 
the chronically inflamed human liver, also expresses 
CD163, and this phenotype is thought to represent a 

pro-fibrogenic macrophage.(17,31) Many patients in this 
study were co-infected with HIV (73%) (Supporting 
Table S1), and these patients have been shown to 
have significantly higher expression of CD163 on 
CD14++CD16+ monocytes when compared with 
healthy individuals.(32) We recently showed that HIV-
infected macrophages did not influence fibrogenic 
gene expression of stellate cells, but rather enhanced 
HCV-mediated activation of stellate cells.(33)

This initial study had several limitations. We eval-
uated only five antibodies that have been identified 
on macrophages: CD68, CD14, CD16, CD163, and 
MAC387. Several others will be used in future stud-
ies, including MARCO,(7) CD206,(34) Tim4,(35) and 
chemokine receptors such as CCR2 and CCR5.(23) 
Another challenge is acquiring adequate experience 
in analyzing large amounts of imaging data, especially 
when many ROIs/images (approximately 50-70 per 
patient in this study) are acquired. Although we were 
able to conduct initial analyses using the software 
programs that are included with the Vectra 3 platform 
(i.e., Phenochart, inForm, and phenoptr), the multi-
plex panel stained multiple markers in the same com-
partment of the cell, which exceeded the capabilities 
of these programs. Therefore, we sought out imaging 
analysis experts from Visiopharm and the University 
of Michigan, co-authors in this manuscript, to assist 
in these analyses. Even though five protective and 
pathogenic phenotypes were shown to be significantly 
different between the controls and patients with 
advanced fibrosis, individual analysis of the patients in 
each group showed variability that likely contributed 
to the lack of significance between the patients with 
minimal and advanced fibrosis.

One of the main advantages of this platform when 
compared to other recently developed cutting-edge 
approaches such as single-cell RNA sequencing and 
Fluidigm CyTOF, is the preservation of tissue archi-
tecture. Because the hepatic architecture is left intact, 
spatial and neighboring analyses can be performed 
using the spectral imaging platform. However, we 
found this to be challenging in the current study, in 
which multiple markers were present on the same 
compartment of the same cell. Determining the dif-
ferent zones in which the identified populations are 
located is critical when evaluating macrophage phe-
notypes in chronic liver disease, as those present in 
the portal tracts and lobules are not the same and 
are known to have unique phenotypes and functional 
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characteristics.(30) We attempted to separate the 
hepatic architecture into portal tracts and lobules 
using the tissue segmentation feature in inForm. We 
easily trained the software to recognize portal tracts 
as tumor-like regions and lobules as non-tumor-like 
regions in patients with moderate/advanced fibrosis. 
However, the same training algorithms could not be 
applied to control patients, where portal stroma was 
subtle in appearance and challenging for the soft-
ware to recognize. We did have better results when 
we trained the software to analyze each group of 
patients separately (controls, minimal, and advanced 
fibrosis). We were able to analyze the expression of 
the individual markers in the portal tracts and lob-
ules of the representative images from Fig. 4 using 
Akoya Biosciences free online software, phenoptr 
(Supporting Fig. S2). The free online software is also 
able to perform neighboring analyses, which we tested 
using the representative multiplex images from Fig. 4 
(Supporting Fig. S7). Visiopharm has also developed 
a neighborhood matrix (similar to Fig. 6, but for 
intercellular distances) that plots all possible pheno-
types on the x/y axes and then color codes them from 
red to blue based on the significance of the distance 
between two objects. We are currently in the process 
of developing additional algorithms for spatial analy-
sis of intrahepatic macrophages with collaborators at 
Visiopharm and the University of Michigan.

Patients undergo invasive procedures to obtain liver 
biopsies. Instead of merely providing a diagnosis, as 
clinicians and pathologists we should glean as much 
information as possible from this precious material. 
Several treatments targeting macrophages are Food 
and Drug Administration–approved,(36) and the dual 
CCR2/CCR5 inhibitor that decreases monocyte 
recruitment to the liver is now in phase 3 clinical tri-
als.(23,37) Results of multiplex imaging platforms may 
allow us to personalize treatment depending on cel-
lular phenotypes present, similar to approaches that 
determine phenotypic expression on tumor-infiltrating  
lymphocytes in patients with cancer.(11,38-40) The big-
gest challenge is developing more rapid and efficient 
big-data analytics that can cope with the surplus 
of data generated. In summary, use of multispectral 
imaging has the potential to not only change our 
understanding of intrahepatic macrophages, but also 
the way in which patient liver biopsies are evaluated 
in the future.
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