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Immune-profiling is becoming an important tool to identify predictive markers for the response to 
immunotherapy. Our goal was to validate multiplex immunofluorescence (mIF) panels to apply to 
formalin-fixed and paraffin-embedded tissues using a set of immune marker antibodies, with the 
Opal™ 7 color Kit (PerkinElmer) in the same tissue section. We validated and we described two panels 
aiming to characterize the expression of PD-L1, PD-1, and subsets of tumor associated immune 
cells. Panel 1 included pancytokeratin (AE1/AE3), PD-L1, CD4, CD8, CD3, CD68, and DAPI, and Panel 
2 included pancytokeratin, PD-1, CD45RO, granzyme B, CD57, FOXP3, and DAPI. After all primary 
antibodies were tested in positive and negative controls by immunohistochemistry and uniplex IF, 
panels were developed and simultaneous marker expressions were quantified using the Vectra 3.0™ 
multispectral microscopy and image analysis InForm™ 2.2.1 software (PerkinElmer).These two mIF 
panels demonstrated specific co-localization in different cells that can identify the expression of PD-L1 
in malignant cells and macrophages, and different T-cell subpopulations. This mIF methodology can be 
an invaluable tool for tumor tissue immune-profiling to allow multiple targets in the same tissue section 
and we provide that is accurate and reproducible method when is performed carefully under pathologist 
supervision.

Novel and effective immunotherapies for patients with various types of cancer are becoming a clinical reality, 
in part because of the remarkable clinical efficacy observed with immune checkpoint inhibitors such as pro-
grammed cell death protein 1 (PD-1, a T-cell co-inhibitory receptor) and one of this protein’s ligands, pro-
grammed cell death ligand 1 (PD-L1, also known as B7-H1 or CD274)1–12. These inhibitors are used to analyze 
the tumor microenvironment in patients with various types of cancer, a step fundamental to recognizing the 
details of the tumor-host interaction, leading to the development of therapies1,13. Characterization of the tumor 
microenvironment in patients with cancer has become a fundamental step in discovering evidence for the pres-
ence of distinct immunologic phenotypes, based on the presence or absence of various immune cells1,13,14. These 
observations have generated candidate predictive biomarkers that can respond to immunotherapies and are 
guiding the identification of new immunotherapeutic interventions15. Tumor-associated immune cells (TAICs) 
may respond to therapies targeting immune system inhibitory or stimulatory mechanisms, and non-TAICs may 
require additional interventions aimed at promoting optimal inflammation and innate immune activation in the 
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tumor microenvironment16–18. Characterizing and validating these multiplex immunofluorescence (mIF) staining 
using immune system–based biomarkers has several critical implications for clinical translation and has emerged 
as a more potent tool for immunoprofiling analysis, offering simultaneous detection of multiple markers in the 
same tissue section in formalin-fixed and paraffin-embedded (FFPE) tumor tissues to deeper understanding the 
tumor microenvironment.

In the current study, our goal was to validate mIF panels in the same tissue section to apply to FFPE carcinoma 
tissues using a set of immune marker antibodies, including those against PD-L1 and TAICs, multispectral micros-
copy and image analysis software.

Materials and Methods
FFPE tissue specimens. Sequential 4-µm-thick sections from Hodgkin disease–derived cell line (HDLM-2/
PD-L1 positive, SignalSlide #13747, Cell Signaling Technology, Danvers, MA), prostate cancer cell line (PC3/
PD-L1 negative, SignalSlide #13747, Cell Signaling Technology), human mature placenta and human tonsil 
FFPE tissues were prepared for conventional immunohistochemistry (IHC), uniplex and multiplex IF validation. 
Additionally, sequential 4-µm-thick sections from cases of non–small cell lung carcinoma (NSCLC, 10 cases), 
adenocarcinoma (5), and squamous cell carcinoma (5) were prepared for conventional IHC and mIF staining.

Immunohistochemistry validation. Chromogen-based IHC analysis was performed by using an auto-
mated staining system (BOND-MAX; Leica Microsystems, Vista, CA) with antibodies against the following: 
pancytokeratin AE1/AE3 (epithelial cell positive, dilution 1:300, Dako, Carpinteria, CA), PD-L1 (clone E1L3N, 
dilution 1:100; Cell Signaling Technology), CD4 (helper T cells, Novocastra, clone 4B12, dilution 1:80, Leica 
Biosystems, Buffalo Grove, IL; CD4 clone SP35, ready to use, Ventana Medical Systems, Tucson, AZ; CD4 clone 
SP35, dilution 1:100, Spring Bioscience, San Francisco, CA), CD8 (cytotoxic T cells, clone C8/144B, dilution 
1:20; Thermo Fisher Scientific, Waltham, MA), CD3 (T-cell lymphocytes, dilution 1:100; Dako), CD68 (mac-
rophages, clone PG-M1, dilution 1:450; Dako), PD-1 (clone EPR4877-2, dilution 1:250; Abcam, Cambridge, 
MA), granzyme B (cytotoxic lymphocytes, clone F1, ready to use; Leica Biosystems), CD57 (natural killer T 
cells, clone HNK-1, dilution 1:40; BD Biosciences, San Jose, CA), CD45RO (memory T cells, clone UCHL1, 
ready to use; Leica Biosystems), and FOXP3 (regulatory T cells, clone 206D, dilution 1:50; BioLegend, San Diego, 
CA). Expression of all cell markers was detected using a Novocastra Bond Polymer Refine Detection Kit (Leica 
Microsystems, catalogue #DS9800) with a diaminobenzidine reaction to detect antibody labeling and hematox-
ylin counterstaining. The correct titrations of antibodies in IHC analysis were chosen on the basis of the mini-
mum to maximum range of staining negative to positive in the control specimens, combined with the uniformity 
of staining within the specific cell expression with the different antibodies to obtain a correct staining pattern. 
Positive and negative controls were used for PD-L1 IHC analysis validation: HDLM-2 cell line, human mature 
placenta and human tonsil as positive controls, and PC3 cell line as negative control. For the TAICs IHC expres-
sion, human tonsil FFPE tissues with and without primary antibody were used as positive and negative controls, 
in each batch IHC staining.

IF validation of antibodies. After chromogen-based IHC analysis was used for all of the targets, each 
target was assessed by a uniplex IF assay to optimize the antibodies and to generate spectral libraries required 
for multiplex IF image analysis. Uniplex IF staining was performed manually by using the Opal 7 kit (cata-
logue #NEL797001KT; PerkinElmer, Waltham, MA), which uses individual tyramide signal amplification 
(TSA)-conjugated fluorophores to detect various targets within an IF assay. After deparaffinization, slides were 
placed in a plastic container filled with antigen retrieval (AR) buffer in Tris-EDTA buffer (for CD4, CD3, gran-
zyme B, and CD57 analysis) or citrate buffer (for analysis of the remaining markers); microwave technology 
(EZ-RETRIEVER® system microwave from BioGenex) was used to bring the liquid to the boiling point (1 min) 
at 100 °C, and the sections were then microwaved for an additional 15 min at 75 °C. Slides were allowed to cool in 
the AR buffer for 15 min at room temperature and were then rinsed with deionized water and 1 × Tris-buffered 
saline with Tween 20 (TBST; Santa Cruz Biotechnology, Dallas, TX). To initiate protein stabilization and back-
ground reduction, Tris-HCl buffer containing 0.1% Tween (Dako, catalogue #S3022) was used for 10 min at room 
temperature. Slides were then incubated between 30 min and 2 h (depending on which antibody was used at room 
temperature) with the same primary antibodies used for IHC analysis against the immune markers at specific 
dilutions: AE1/AE3 (dilution 1:300), PD-L1 (dilution 1:3000), CD4 (dilution 1:80), CD8 (dilution 1:120), CD3 
(dilution 1:100), PD-1 (dilution 1:250), granzyme B (dilution 1:1), CD57 (dilution 1:10), CD45RO (dilution 1:1), 
FOXP3 (dilution 1:50), and CD68 (dilution 1:450). Next, the slides were washed and incubated for 10 min at room 
temperature with anti-mouse or anti-rabbit secondary antibodies (Novocastra, Leica Biosystems) after successive 
washes in TBST.

The slides were then incubated at room temperature for 10 min with one of the following Alexa Fluor tyr-
amides (PerkinElmer) included in the Opal 7 kit to detect antibody staining, prepared according to the manu-
facturer’s instructions: Opal 520, Opal 540, Opal 570, Opal 620, Opal 650, and Opal 690 (dilution 1:50). After 
three additional washes in deionized water, the slides were counterstained with DAPI for 5 min and mounted 
with VECTASHIELD Hard Set (Vector Labs, Burlingame, CA). Autofluorescence (negative control) slides were 
also included, using primary and secondary antibodies and omitting the fluor tyramides. As performed with the 
IHC staining, the correct titration in the uniplex IF slides was chosen carefully to obtain a uniform, specific, and 
correct staining pattern. Similar to IHC validation, positive and negative controls were used during each run 
staining.
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Multiplex IF staining. Once each target was optimized in uniplex slides, the Opal 7 multiplexed assay was 
used to generate multiple staining slides. We applied primary antibodies to tonsil specimens as controls at opti-
mized concentrations previously determined on the uniplex control tissues. Staining was performed consecu-
tively by using the same steps as those used in uniplex IF, and the detection for each marker was completed before 
application of the next antibody. The best sequence of antibodies for multiplex staining was determined for each 
panel combination: panel 1 [pancytokeratin AE1/AE3, PD-L1, CD4 (clone 4B12), CD8, CD3, CD68, and DAPI] 
and panel 2 (pancytokeratin AE1/AE3, PD-1, CD45RO, granzyme B, CD57, FOXP3, and DAPI).

To analyze possible variations in staining over time, slide tissues from a set of 10 sequential FFPE tissues from 
NSCLC were stained at various 1-week intervals. Over 3 consecutive weeks, a series of 12 slides, including control 
(tonsil) and autofluorescence tissue (negative control), was stained by the same technician; these included panel 1 
and panel 2, and slides were stained while maintaining the same conditions and using the same Opal 7 kit. At the 
same time, consecutive slide tissues were stained with chromogenic IHC stain in the autostainer with the use of 
the same markers with the dilutions mentioned previously.

Image collection and analysis. Upon completion of the chromogenic IHC analysis from individual 
markers, uniplex and multiplex IF staining, the slides were imaged using the Vectra 3.0 spectral imaging sys-
tem (PerkinElmer) according to previously published instructions19. The chromogenic IHC-stained slides were 
scanned by using the brightfield protocol, and the uniplex and multiplex IF staining was imaged by using the 
fluorescence protocol at 10 nm λ from 420 nm to 720 nm, to extract fluorescent intensity information from the 
images. A similar approach was used to build the spectral library using the InForm 2.2.1 image analysis software 
(PerkinElmer). In the multiplex IF slides, each batch was scanned with the Vectra imaging system using a tonsil 
as a control to calibrate the spectral image protocol. After low magnification scanning at × 10, the specimens 
were sampled from five individual fields (0.669 × 500 µm, 0.3345 mm2 each) randomly in the tonsil and in the 
intratumoral compartment by using the phenochart 1.0.4 (PerkinElmer) viewer to scan at high resolution ( × 20) 
in order to capture various elements of tonsil and tumor heterogeneity. Histologic assessment of each analysis 
area was performed to ensure that the tumor tissue (at least 85% malignant cells, AE1-/AE3-positive, and tumor 
stroma) was included in the selected intratumoral region. For this analysis, each area examined was overlapped 
with the sequential mIF and IHC slides to quantify each marker at the same location of the tonsil or tumor 
specimens.

The data from the multispectral camera were accessed by the imaging InForm software, and then each indi-
vidual unmixed staining was combined by using the spectral library information to associate each fluorochrome 
component with a mIF component. All the immune cell populations from each panel were characterized and 
quantified using the cell segmentation and phenotype cell tool by the InForm image analysis software under 
pathologist supervision (ERP and NU). The individual markers from each mIF panels as well as from the chro-
mogenic IHC was quantified and the average of the different number of PD-L1 and TAIC subpopulations from 
the five areas was expressed in density per mm2.

Statistical analysis. The Spearman’s test was used to detect differences in continuous variables between the 
different staining batches and between mIF and chromogenic IHC quantifications. The statistical software pro-
gram IBM SPSS (version 22; Armonk, NY) was used to perform the computations for all analyses.

Results
IHC and uniplex IF validation. Using chromogenic IHC and uniplex IF approaches, we evaluated the dif-
ferent markers to obtain similar patterns of staining with both immunohistochemical techniques. As previously 
reported20, PD-L1 showed membranous expression in epithelial tonsil crypts, and in placenta syncytiotroph-
oblasts, as shown in the microphotographs in Supplementary Figure 1A and B, respectively. The specificity of 
PD-L1 expression was also tested with the use of the HDLM2 cell line as a positive control and the PC3 cell line as 
a negative control. Membrane PD-L1 expression was observed in HDLM2 cells, but no expression was observed 
in PC3 cells (Supplementary Figure 1C and D, respectively). Likewise, the other markers—pancytokeratin AE1/
AE3 (epithelial cell–positive), helper T cells (CD4-positive), cytotoxic T cells (CD8-positive), T-cell lymphocytes 
(CD3-positive), granzyme B–positive, natural killer cells (CD57-positive), macrophages (CD68-positive), PD-1–
positive, effector and/or memory T cells (CD45RO-positive), and regulatory T cells (FOXP3-positive)—showed 
similar staining patterns with IF uniplex staining compared with IHC stains in the tonsil controls (Figs 1 and 2).

Multiplex IF Validation. After testing all of the markers by chromogenic IHC and uniplex IF staining, we 
validated the markers by multiplex IF staining in two separate panels. Tonsil was used as a positive control to 
explore the various markers in specific distributions. The first panel (pancytokeratin AE1/AE3, PD-L1, CD4, 
CD8, CD3, CD68, and DAPI) and the second panel (pancytokeratin AE1/AE3, PD-1, CD45RO, granzyme B, 
CD57, FOXP3, and DAPI) showed specific staining without background staining in the major part of the markers 
(Fig. 3). Unfortunately, all the CD4 marker clones tested in the mIF showed a diffuse granular membrane staining 
with different levels of background in the tissue. The other individual markers in each panel maintained a pattern 
distribution similar to that observed in the IHC tonsil (positive control) staining (Fig. 3).

Application of multiplex IF to non-small cell carcinoma specimens. After testing the immune pan-
els in control tissues and comparing them with chromogenic IHC patterns from each marker, we applied these 
panels in a set of NSCLC tissues. Ten NSCLC specimens were stained with the mIF panels in three different 
batches in consecutive weeks (Supplementary Figure 2) to observe possible variations in the staining and to 
compare the densities of immune cells analyzed in these specimens with the densities of those cells analyzed in 
the individual chromogenic IHC staining. Quantification of the various cell populations using mIF and chromo-
genic IHC is shown in Table 1. Overall, the correlation analysis between cell densities of each mIF batch and IHC 
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stained batch showed significant positive correlations as shown in Supplementary Table 2 and Supplementary 
Figure 3. In batch 1 vs IHC, we observed positive and significant correlations between PD-L1, CD8, CD4, CD3, 
PD-1, and CD57 markers (r = 0.846 to r = 0.618, P < 0.05). In batch 2 vs IHC, we observed significant positive 
correlations between AE1/AE3, PD-L1, CD4, CD3, and PD-1 markers (r = 0.918 to r = 0.655, P < 0.05). In batch 

Figure 1. Microphotographs of representative examples of validation from IHC (left panels), uniplex IF tumor-
associated immune cell expression (middle panels), and details of uniplex IF in tonsil tissue (right panels). 
Immune panel 1: AE1/AE3 (cytokeratin-positive), PD-L1–positive, helper T cell (CD4-positive), cytotoxic T 
cell (CD8-positive), T-cell lymphocyte (CD3-positive), and macrophages (CD68-positive). ×200 magnification 
and high-power magnification of the positive cells.

http://2
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3 vs IHC, we observed significant positive correlations between PD-L1, CD4, CD8, CD3, CD68, PD-1, and CD57 
markers (r = 0.909 to r = 0.627, P < 0.05). The correlation analysis showed that the more reliable consistent mark-
ers in terms of density reproducibility between each mIF batch and chromogenic IHC included PD-L1, CD3, 
CD4, and PD-1, followed by CD8 and CD57, which showed a significant trend (r = 0.555, P = 0.077; r = 0.527, 

Figure 2. Microphotographs of representative examples of validation from uniplex IHC (left panels), uniplex 
IF tumor-associated immune cell expression (middle panels), and details of uniplex IF in tonsil tissue (right 
panels). Immune panel 2: AE1/AE3 (cytokeratin-positive), PD-1–positive, granzyme B–positive, natural 
killer cell (CD57-positive), memory T cell (CD45RO-positive), and regulatory T cell (FOXP3-positive). ×200 
magnification and high-power magnification of the positive cells.
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P = 0.096, respectively) in the second batch. Despite the background with the CD4 marker in the mIF, the corre-
lations with the chromogenic IHC were positive and significant (Supplementary Table 2).

Although staining variation was observed between mIF batches, overall the markers had similar median value 
densities (Table 1). The correlation between mIF staining batches exhibited positive and significant correlations as 
shown in Supplementary Table 2 and Supplementary Figure 3 between batch 1 vs 2 with AE1/AE3, PD-L1, CD4, 
CD3, CD68, PD-1, CD45RO, and CD57 markers and between batch 1 vs 3 and between batch 2 vs 3 with PD-L1, 
AE1/AE3, CD4, CD8, CD3, PD-1, CD57, and CD45RO markers. Our image analysis quantification showed that 
the more consistent marker expressions along the different times of mIF staining were found with AE1/AE3, 

Figure 3. Microphotographs of representative examples of individual IHC and multiplex IF markers in tonsil 
tissue. Immune panels 1 and 2. ×200 magnification and high-power magnification of the positive cells.
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PD-L1, CD4, CD3, PD-1, CD57, and CD45RO markers followed by CD8, which showed significant and positive 
correlation in two of three batch comparisons.

Studying each individual marker showed that PD-L1–positive membrane expression in malignant cells by 
chromogenic IHC and mIF (AE1/AE3 plus PD-L1–positive) could be used to identify six positive cases inde-
pendently of the mIF batch observed, supporting the finding that the PD-L1 (E1L3N) marker used in our study 
is very efficient for detecting positive PD-L1 tumor cases in a panel of mIF staining. The epithelial marker (AE1/
AE3) showed inconsistent staining expression among the batches minimized in these cases by the morphology 
of the cells and under pathologist supervision during the quantification analysis. Overall, each individual T-cell 
marker showed staining variation of intensity and density expression among the batches, but the image analysis 
showed CD68, granzyme B, and FOXP3 to be the more variable staining markers. Cell co-localization was also 
provided using this mIF panels, showing specific cell phenotypes, including cytotoxic T cells (CD3 plus CD8 
positive), helper T cells (CD3 plus CD4 positive), positive PD-L1 epithelial cells (AE1/AE3 plus PD-L1 positive), 
and positive PD-L1 macrophages (CD68 plus PD-L1 positive) with panel 1 (Fig. 4). Unexpectedly, we observed 
double CD4/CD8 positive T cells in a small number of CD3 positive cells (Fig. 4). Furthermore, we detected 
natural killer cells containing cytoplasmic granzyme B (CD57 plus granzyme B positive) but negative CD45RO, 
regulatory T cells, and memory T cells co-expression (FOXP3 plus CD45RO positive) and PD-1 positive and 
CD45RO co-expression (PD-1 plus CD45RO positive) with panel 2 (Fig. 5).

Discussion
In this study, we validated mIF panels using the Opal workflow in the same tissue section to a set of immune 
marker antibodies, including those against PD-L1 and TAICs, to apply to FFPE tissues. Then we applied those 
panels in carcinoma tissues to compare and quantify the expression of those markers using mIF and conven-
tional chromogenic IHC. Quantification of mIF marker expression and immune cell population using the 
Vectra 3.0 multispectral microscopy and image analysis InForm 2.2.1 software (PerkinElmer) showed accurate 
and reproducible results in the carcinoma cases. The mIF was shown to be an invaluable tool for tumor tissue 
immune-profiling allowing several targets in the same tissue section and for the development of novel predictive 
biomarkers for cancer immunotherapy.

The Opal workflow, which allows simultaneous staining of multiple biomarkers within a single paraffin tis-
sue section, was used in the present study. The protocol allows researchers to use antibodies raised in the same 
species, and each panel was designed specifically for 7-plex IF. The approach involves detection with fluorescent 
TSA reagents, followed by microwave treatment that removes any nonspecific staining and reduces tissue autoflu-
orescence. After microwave treatment, another round of staining can be performed for additional target detection 
without risk of antibody cross-reactivity19. The Opal kit TSA detection system used in this protocol involves 
biotinylated secondary antibodies, subsequently labeled with streptavidin enzyme horseradish peroxidase 
(HRP) and amplified with tyramide-fluorophore conjugates. The TSA detection system is the best for detecting 
low-expression targets21,22, can be performed over 3 days to combined 7 fluorochromes, and can produce reliable 
results23,24. It is important to remember that the concentrations and incubation times of primary antibodies used 
for IF staining in this study were different from those we used for chromogenic IHC staining.

Overall, we observed that the manual protocol used in our study did not increase or decrease the level of spe-
cific signals, and we did not observe nonspecific background with the exception of CD4. Despite the CD4 back-
ground, we could identify co-localization of this marker with CD3, and surprisingly we observed small quantities 
of double-positive CD4+ CD8+ expressing with CD3 in the carcinoma cases, although the secondary antibody 
was adjusted to eliminate possible nonspecific binding, an important aspect of any multi-antigen staining and a 
frequently neglected step23.

Marker

Median density ( ± SD) of NSCLC specimens

mIF Batch 1 mIF Batch 2 mIF Batch 3 IHC

Panel 1

AE1/AE3 3669.06 ± 776.610 3580.27 ± 1178.88 4502.54 ± 1383.93 3811.73 ± 846.840

PD-L1 3614.95 ± 1986.31 3310.91 ± 2495.13 3531.54 ± 2709.34 0540.51 ± 2127.47

CD4 0891.78 ± 1883.41 976.91 ± 975.64 2218.24 ± 1953.25 633.89 ± 605.81

CD8 539.61 ± 1403.7 107.92 ± 243.08 447.23 ± 339.02 0609.88 ± 1091.16

CD3 0891.78 ± 1883.41 976.91 ± 975.64 2218.24 ± 1953.25 1029.90 ± 1787.23

CD68 0899.55 ± 1374.03 1176.08 ± 836.590 1095.07 ± 683.480 457.70 ± 283.38

Panel 2

AE1/AE3 3438.34 ± 1032.16 3496.26 ± 695.430 3769.51 ± 776.440 3811.73 ± 846.840

PD-1 01235.2 ± 1250.32 1239.46 ± 1065.86 1288.12 ± 766.640 170.10 ± 307.71

Granzyme B 55.90 ± 91.55 124.96 ± 80.210 063.68 ± 118.02 398.51 ± 664.76

CD57 1025.41 ± 706.910 637.67 ± 445.85 1054.11 ± 798.790 22.12 ± 48.05

CD45RO 1232.29 ± 1064.19 811.96 ± 513.33 1505.23 ± 1328.76 0797.09 ± 1096.41

FOXP3 0.00 ± 3.32 050.22 ± 118.49 1.49 ± 5.58 186.85 ± 159.02

Table 1. Densities of immune markers (in mm2) in the various staining batches. Note: mIF = multiplex 
immunofluorescence, IHC = immunohistochemistry.
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We observed that the approach to the different targets also requires diligent optimization, first in IHC and 
then in the simplex IF, before mIF staining in control tissues. The use of specific, very well standardized antibod-
ies, as well as the careful use of the other components during staining, is important to obtaining good, reproduc-
ible results. AR, performed with use of microwave technology, also requires optimization to ensure both proper 
AR and endogenous HRP quenching, all the while ensuring complete antibody striping and tissue viability. In 
addition, properly balanced HRP concentrations are also required to prevent TSA dimer formation, typically 
achieved through titration of primary antibodies, although this can also be modified through titration of the 
secondary antibody19.

Figure 4. Microphotographs of representative examples of co-localization of the cell markers observed in panel 1.
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Our experience showed that mIF staining could be performed in paraffin sections from clinical specimens 
using the same tissue section by several targets. Furthermore, our data suggested that variation in marker expres-
sion from the same tissue section can affect the quantification results; for this reason, it is important to use a very 
well-known control tissue during each staining batch to detect possible errors staining in each panel of mIF. The 
expression cell variations observed were more deeply remarkable with AE1/AE3, CD68, granzyme B, and FOXP3, 
suggesting that these markers have less affinity for their epitopes during mIF staining than the other markers 
have. Although we can discard the idea that the poor reproducibility of these markers in mIF staining is related 
to the quality of the antibodies used, we cannot discard the possibility that these markers are affected by other 
unknown conditions during the mIF process and that this problem can be minimized by staining small groups of 
slides at the same time. Despite this variable cell expression during our staining of mIF carcinoma tissues batches, 
overall we obtained good reproducibility and convenient staining with successful detection using PD-L1, CD3, 
CD8, CD57, and PD-1 markers compared with chromogenic IHC staining, and our group successfully multi-
plexed these biomarkers in two different panels by following our protocol, demonstrating the practical scalability 
of this method.

Through covalent binding, the TSA-conjugated fluorochromes remained bound to the targeted epitope, allow-
ing for sequential analysis of various targets in mIF staining slides. We observed that TSA, when combined with 
multispectral image analysis software, such as InForm analysis software, supported this method well, as pre-
viously described in the literature25. However, this analysis software has limitations since other image analysis 
software is capable of showing each individual unmixed TSA fluorochrome with a positive signal without noise or 
aberrant background staining with most of our markers23. Compartmental staining (e.g., nuclear, membranous, 
or cytoplasmic) was also easily obtained for performing the analysis. Co-localization training was allowed in the 

Figure 5. Microphotographs of representative examples of co-localization of the cell markers observed in panel 2.



www.nature.com/scientificreports/

1 0SCiENTifiC REPoRts | 7: 13380  | DOI:10.1038/s41598-017-13942-8

carcinoma tissues, using the phenotyping tool under pathologist supervision that was essential to analyzing the 
cells correctly from each panel and detecting or minimizing possible staining errors.

We demonstrated that this method of mIF staining of targets in the same tissue section, if used carefully, is a 
powerful and efficient tool that allows us to obtain reproducible, reliable, and high-quality staining data. It must 
be stressed that it is the aim of every immunofluorescence lab to obtain reproducible and accurate results every 
time, and rigorous steps are necessary to obtain this type of results. There is a plethora of parameters that have 
significant effects on the outcome of mIF staining. It is common to scrutinize the reagents and protocols used 
during a mIF staining experiment, for instance reagent concentrations, incubation times, and blocking steps, but 
in actual fact the results are predisposed from the point of specimen collection onward. First, a careful design of 
the project is necessary, as is choosing correct reliable antibodies to create a panel of markers to use in the mIF. 
Second, validation of the antibodies by IHC followed by uniplex IF is also important. Third, with the mIF stain-
ing it is important to use fresh tissue sections, regular and thinner cut (maximum 4 µm), in adequately charged 
slides to avoid poor resolution of tissue morphology and staining. No less important is to identify the appropriate 
sequence of the targets, and researchers need to determine these through trial and error. Fourth, to diminish 
manual staining errors and variability of antibody intensity and expression, small quantities of slides can be 
processed at the same time. Fifth, the use of powerful image analysis software under pathologist supervision is 
important to detect staining error and determine the correct analysis.

The implementation of mIF in the same tissue section and the flexibility to create panels to different targets, 
offers many opportunities for innovative digital image analysis approaches (inflammatory tumor infiltration, cell 
phenotyping, proximity, 3D-reconsatruction), increasing the novelty of this methodology. Additionally, applica-
tion of this type of methodology to answer scientific research question or testing hypothesis of clinical impor-
tance could provide answers to different questions. Furthermore, localization of multiple targets in the same 
tissue section will provide unique insight into spatial, cell type, and even phenotype co-localization–type specific 
distribution of molecules of interest. It allows deeper understanding of the tumor microenvironment during 
development and can establish conditions before and after treatment.

References
 1. Topalian, S. L. et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl J Med. 366, 2443–2454, https://

doi.org/10.1056/NEJMoa1200690 (2012).
 2. Hamid, O. et al. Safety and tumor responses with lambrolizumab (anti-PD-1) in melanoma. N Engl J Med. 369, 134–144, https://doi.

org/10.1056/NEJMoa1305133 (2013).
 3. Wolchok, J. D. et al. Nivolumab plus ipilimumab in advanced melanoma. The New England journal of medicine 369, 122–133, https://

doi.org/10.1056/NEJMoa1302369 (2013).
 4. Ansell, S. M. et al. PD-1 blockade with nivolumab in relapsed or refractory Hodgkin’s lymphoma. N Engl J Med. 372, 311–319, 

https://doi.org/10.1056/NEJMoa1411087 (2015).
 5. Brahmer, J. R., Hammers, H. & Lipson, E. J. Nivolumab: targeting PD-1 to bolster antitumor immunity. Future Oncol. 11, 1307–1326, 

https://doi.org/10.2217/fon.15.52 (2015).
 6. Herbst, R. S. et al. Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature. 515, 

563–567, https://doi.org/10.1038/nature14011 (2014).
 7. Gettinger, S. & Herbst, R. S. B7-H1/PD-1 blockade therapy in non-small cell lung cancer: current status and future direction. Cancer 

J. 20, 281–289, https://doi.org/10.1097/PPO.0000000000000063 (2014).
 8. Robert, C. et al. Nivolumab in previously untreated melanoma without BRAF mutation. N Engl J Med. 372, 320–330, https://doi.

org/10.1056/NEJMoa1412082 (2015).
 9. Sunshine, J. & Taube, J. M. PD-1/PD-L1 inhibitors. Curr Opin Pharmacol. 23, 32–38, https://doi.org/10.1016/j.coph.2015.05.011 

(2015).
 10. Gettinger, S. N. et al. Overall Survival and Long-Term Safety of Nivolumab (Anti-Programmed Death 1 Antibody, BMS-936558, 

ONO-4538) in Patients With Previously Treated Advanced Non-Small-Cell Lung Cancer. J Clin Oncol. 33, 2004–2012, https://doi.
org/10.1200/JCO.2014.58.3708 (2015).

 11. Dong, H. et al. Tumor-associated B7-H1 promotes T-cell apoptosis: a potential mechanism of immune evasion. Nat Med. 8, 793–800, 
https://doi.org/10.1038/nm730 (2002).

 12. Ishida, Y., Agata, Y., Shibahara, K. & Honjo, T. Induced expression of PD-1, a novel member of the immunoglobulin gene 
superfamily, upon programmed cell death. EMBO J. 11, 3887–3895 (1992).

 13. Teng, M. W., Ngiow, S. F., Ribas, A. & Smyth, M. J. Classifying Cancers Based on T-cell Infiltration and PD-L1. Cancer Res. 75, 
2139–2145, https://doi.org/10.1158/0008-5472.CAN-15-0255 (2015).

 14. Tumeh, P. C. et al. PD-1 blockade induces responses by inhibiting adaptive immune resistance. Nature. 515, 568–571, https://doi.
org/10.1038/nature13954 (2014).

 15. Huang, R. R. et al. CTLA4 blockade induces frequent tumor infiltration by activated lymphocytes regardless of clinical responses in 
humans. Clin Cancer Res. 17, 4101–4109, https://doi.org/10.1158/1078-0432.CCR-11-0407 (2011).

 16. Kershaw, M. H., Westwood, J. A. & Darcy, P. K. Gene-engineered T cells for cancer therapy. Nat Rev Cancer. 13, 525–541, https://doi.
org/10.1038/nrc3565 (2013).

 17. Kalbasi, A., June, C. H., Haas, N. & Vapiwala, N. Radiation and immunotherapy: a synergistic combination. J Clin Invest. 123, 
2756–2763, https://doi.org/10.1172/JCI69219 (2013).

 18. Gajewski, T. F., Schreiber, H. & Fu, Y. X. Innate and adaptive immune cells in the tumor microenvironment. Nat Immunol. 14, 
1014–1022, https://doi.org/10.1038/ni.2703 (2013).

 19. Stack, E. C., Wang, C., Roman, K. A. & Hoyt, C. C. Multiplexed immunohistochemistry, imaging, and quantitation: a review, with 
an assessment of Tyramide signal amplification, multispectral imaging and multiplex analysis. Methods. 70, 46–58, https://doi.
org/10.1016/j.ymeth.2014.08.016 (2014).

 20. Parra, E. R., Villalobos, P., Mino, B. & Rodriguez-Canales, J. Comparison of Different Antibody Clones for Immunohistochemistry 
Detection of Programmed Cell Death Ligand 1 (PD-L1) on Non-Small Cell Lung Carcinoma. Appl Immunohistochem Mol Morphol. 
https://doi.org/10.1097/PAI.0000000000000531 (2017).

 21. Setiadi, A. F. et al. Quantitative, architectural analysis of immune cell subsets in tumor-draining lymph nodes from breast cancer 
patients and healthy lymph nodes. PLoS One. 5, e12420, https://doi.org/10.1371/journal.pone.0012420 (2010).

 22. Huang, W., Hennrick, K. & Drew, S. A colorful future of quantitative pathology: validation of Vectra technology using chromogenic 
multiplexed immunohistochemistry and prostate tissue microarrays. Hum Pathol. 44, 29–38, https://doi.org/10.1016/j.
humpath.2012.05.009 (2013).

http://dx.doi.org/10.1056/NEJMoa1200690
http://dx.doi.org/10.1056/NEJMoa1200690
http://dx.doi.org/10.1056/NEJMoa1305133
http://dx.doi.org/10.1056/NEJMoa1305133
http://dx.doi.org/10.1056/NEJMoa1302369
http://dx.doi.org/10.1056/NEJMoa1302369
http://dx.doi.org/10.1056/NEJMoa1411087
http://dx.doi.org/10.2217/fon.15.52
http://dx.doi.org/10.1038/nature14011
http://dx.doi.org/10.1097/PPO.0000000000000063
http://dx.doi.org/10.1056/NEJMoa1412082
http://dx.doi.org/10.1056/NEJMoa1412082
http://dx.doi.org/10.1016/j.coph.2015.05.011
http://dx.doi.org/10.1200/JCO.2014.58.3708
http://dx.doi.org/10.1200/JCO.2014.58.3708
http://dx.doi.org/10.1038/nm730
http://dx.doi.org/10.1158/0008-5472.CAN-15-0255
http://dx.doi.org/10.1038/nature13954
http://dx.doi.org/10.1038/nature13954
http://dx.doi.org/10.1158/1078-0432.CCR-11-0407
http://dx.doi.org/10.1038/nrc3565
http://dx.doi.org/10.1038/nrc3565
http://dx.doi.org/10.1172/JCI69219
http://dx.doi.org/10.1038/ni.2703
http://dx.doi.org/10.1016/j.ymeth.2014.08.016
http://dx.doi.org/10.1016/j.ymeth.2014.08.016
http://dx.doi.org/10.1097/PAI.0000000000000531
http://dx.doi.org/10.1371/journal.pone.0012420
http://dx.doi.org/10.1016/j.humpath.2012.05.009
http://dx.doi.org/10.1016/j.humpath.2012.05.009


www.nature.com/scientificreports/

1 1SCiENTifiC REPoRts | 7: 13380  | DOI:10.1038/s41598-017-13942-8

 23. Bobrow, M. N., Litt, G. J., Shaughnessy, K. J., Mayer, P. C. & Conlon, J. The use of catalyzed reporter deposition as a means of signal 
amplification in a variety of formats. J Immunol Methods. 150, 145–149 (1992).

 24. Toth, Z. E. & Mezey, E. Simultaneous visualization of multiple antigens with tyramide signal amplification using antibodies from the 
same species. J Histochem Cytochem. 55, 545–554, https://doi.org/10.1369/jhc.6A7134.2007 (2007).

 25. Papagerakis, S. et al. Oral epithelial stem cells - implications in normal development and cancer metastasis. Exp Cell Res. 325, 
111–129, https://doi.org/10.1016/j.yexcr.2014.04.021 (2014).

Acknowledgements
This study was supported in part by The University of Texas Lung Specialized Programs of Research Excellence 
grant (P50CA70907; to I.I.W.), MD Anderson’s Institutional Tissue Bank Award (2P30CA016672) from the 
National Cancer Institute, Lung Cancer Moon Shot projects (P30 CA01667), SPORE grant (5P50CA070907-
18), CPRIT grant (MIRA-RP160688), and National Council of Technological and Scientific Development of the 
Ministry of Science, Technology and Innovation of Brazil (P246042/2012-5).

Author Contributions
E.R.P. and J.R.-C. were involved in the conception and design of the work; E.R.P., M.J., and P.C. participated 
in data collections, and E.R.P. and N.U. did the data analysis and interpretation. All authors, E.R.P., N.U., M.J., 
P.C., D.G., M.-A.F., C.B., C.H., I.I.W. and J.R-C, were involved in drafting the article or revising it critically for 
important intellectual content, and all authors, E.R.P., N.U., M.J., P.C., D.G., M.-A.F., C.B., C.H., I.I.W. and J.R.-C., 
approved the final version to be published.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-13942-8.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1369/jhc.6A7134.2007
http://dx.doi.org/10.1016/j.yexcr.2014.04.021
http://dx.doi.org/10.1038/s41598-017-13942-8
http://creativecommons.org/licenses/by/4.0/

	Validation of multiplex immunofluorescence panels using multispectral microscopy for immune-profiling of formalin-fixed and ...
	Materials and Methods
	FFPE tissue specimens. 
	Immunohistochemistry validation. 
	IF validation of antibodies. 
	Multiplex IF staining. 
	Image collection and analysis. 
	Statistical analysis. 

	Results
	IHC and uniplex IF validation. 
	Multiplex IF Validation. 
	Application of multiplex IF to non-small cell carcinoma specimens. 

	Discussion
	Acknowledgements
	Figure 1 Microphotographs of representative examples of validation from IHC (left panels), uniplex IF tumor-associated immune cell expression (middle panels), and details of uniplex IF in tonsil tissue (right panels).
	Figure 2 Microphotographs of representative examples of validation from uniplex IHC (left panels), uniplex IF tumor-associated immune cell expression (middle panels), and details of uniplex IF in tonsil tissue (right panels).
	Figure 3 Microphotographs of representative examples of individual IHC and multiplex IF markers in tonsil tissue.
	Figure 4 Microphotographs of representative examples of co-localization of the cell markers observed in panel 1.
	Figure 5 Microphotographs of representative examples of co-localization of the cell markers observed in panel 2.
	Table 1 Densities of immune markers (in mm2) in the various staining batches.




