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Abstract 

Background: Understanding immune phenotypes and human gastric disease in situ requires an approach that lev-
erages multiplexed immunohistochemistry (mIHC) with multispectral imaging to facilitate precise image analyses.

Methods: We developed a novel 4-color mIHC assay based on tyramide signal amplification that allowed us to reli-
ably interrogate immunologic checkpoints, including programmed death-ligand 1 (PD-L1), cytotoxic T cells  (CD8+T) 
and regulatory T cells (Foxp3), in formalin-fixed, paraffin-embedded tissues of various human gastric diseases. By 
observing cell phenotypes within the disease tissue microenvironment, we were able to determine specific co-local-
ized staining combinations and various measures of cell density.

Results: We found that PD-L1 was expressed in gastric ulcer and in tumor cells (TCs), as well as in tumor-infiltrating 
immune cells (TIICs), but not in normal gastric mucosa or other gastric intraepithelial neoplastic tissues. Furthermore, 
we found no significant reduction in  CD8+T cells, whereas the ratio of  CD8+T:Foxp3 cells and  CD8+T:PD-L1 cells was 
suppressed in tumor tissues and elevated in adjacent normal tissues. An unsupervised hierarchical analysis also identi-
fied correlations between  CD8+T and  Foxp3+ tumor-infiltrating lymphocyte (TIL) densities and average PD-L1 levels. 
Three main groups were identified based on the results of  CD8+T:PD-L1 ratios in gastric tumor tissues. Furthermore, 
integrating  CD8+T:Foxp3 ratios, which increased the complexity for immune phenotype status, revealed 6–7 clusters 
that enabled the separation of gastric cancer patients at the same clinical stage into different risk-group subsets.

Conclusions: Characterizing immune phenotypes in human gastric disease tissues via multiplexed immunohisto-
chemistry may help guide PD-L1 clinical therapy. Observing unique disease tissue microenvironments can improve 
our understanding of immune phenotypes and cell interactions within these microenvironments, providing the abil-
ity to predict safe responses to immunotherapies.
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Background
Host and tumor tissues undergo extensive immune inter-
actions, and the ability of the tumor to evade immune 
recognition often determines clinical outcomes. Immu-
notherapy has recently emerged as a novel approach in 

treating solid tumors. Tumor-infiltrating lymphocytes 
(TIL) play an essential role in mediating the response 
to immunotherapy and affect clinical outcomes in many 
cancer subtypes. The presence of TILs within the tumor 
microenvironment has been linked to better prognosis in 
gastric cancer [1]. “Immunologic checkpoints” expressed 
on cells in the tumor microenvironment or on the sur-
face of tumor cells (TCs) can promote immune escape by 
inducing apoptosis in immune effector cells. One such 
immune checkpoint is programmed cell death protein 1 
(PD-1). The binding of PD-1 to its ligand programmed 
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cell death 1 ligand 1 (PD-L1) leads to a blockade of 
kinases involved in T cell activation. PD-L1 expres-
sion on TCs is associated with worse prognosis in many 
malignancies [2]. Many recent studies have reported that 
the response to immunotherapy primarily depends on 
the expression of PD-L1 in the tumor microenvironment. 
These findings suggest that the response to anti-PD-1 
hinges on pre-existing anti-tumor immune response and 
that anti-PD-1 acts to free the CD8 T cells from inhibi-
tion to exert their anti-tumor activities [3]. Furthermore, 
naturally occurring TILs can be detected in various solid 
tumors, even in metastatic stages [4]. Immunosuppres-
sive mechanisms within the tumor microenvironment 
have been associated with the failure of TILs [5]. Bio-
markers of immune phenotypes are most commonly 
identified using immunohistochemistry (IHC). Studies 
using quantitative IHC have identified  CD8+ T cell infil-
tration as an important prognostic factor in predicting 
outcomes in patients with gastric cancer [6].  CD8+ T 
cells are regulated by regulatory T cells (Tregs). Among 
all Tregs, Foxp3-expressing Tregs are well known to play 
a critical role in tumor immune evasion [7], which has 
been reported in a wide array of human malignancies 
including our study in gastric cancer [7, 8]. Furthermore, 
upregulation of Tregs is associated with significantly 
reduced  CD8+ T cell infiltration of tumors and with 
worse outcomes for cancer patients [9]. However, the 
clinical implications of immunosuppressive processes 
related to immunologic checkpoints (PD-L1, CD8, and 
Foxp3) in tumors or immune cells in the tumor microen-
vironment remain controversial, and the potential use of 
these checkpoints as prognostic markers requires further 
study.

Tissue microarrays (TMAs) are commonly employed 
in clinical and basic-science research, it is a powerful 
tool for undertaking large-scale tissue-based biomarker 
studies [10] and has been widely used in many studies 
that involved in immune infiltrates studies [11, 12]. Tis-
sue sections from TMAs also offer the opportunity to 
understand a patient’s disease condition, to make bet-
ter prognostic evaluations and to select optimum treat-
ments. But tissues are often assessed primarily based 
on visual analysis of one or two molecules, image anal-
ysis is starting to address the variability of human sam-
ples. This is in contrast to measure characteristics such 
as parameters revealed through co-expression, spatial 
relationships, heterogeneity, and low abundance mol-
ecules. Those factors are understood to be critical to 
develop effective therapeutic strategies [13]. So far, TMA 
performance across multiple biomarkers has not been 
systematically explored. Here the multiplex immuno-
histochemistry (mIHC) was employed in our study for 
mapping the tumor microenvironment. This technology 

allows us to explore the relationship between various 
cell types in the peritumoral and intratumoral compart-
ments through more comprehensive and efficient analy-
sis of the tumor microenvironment. mIHC quantifies the 
change in expression or state of specific biomarkers and 
examines their impact on patient disease status for both 
mechanistic and diagnostic studies, potentially advancing 
our understanding of immune phenotypes and cell inter-
actions in the microenvironment while also providing 
better direct patient treatment based on individual tumor 
microenvironment responses to immunotherapy, offering 
improved response rates with gastric disease [14]. Here 
we developed a 4-color multispectral quantitative fluo-
rescent immunohistochemistry methods to detect CD8, 
Foxp3 and PD-L1 simultaneously.

Methods
Sample and tissue microarray preparation
Gastric cancer tissues were obtained from Shanghai 
Jiao Tong University, Ruijin Hospital. These tissues were 
formalin-fixed and paraffin-embedded for use. All of 
the protocols using human specimens were approved 
by Shanghai Jiao Tong University, and informed consent 
was obtained from all of the subjects. One TMA (TMA 
1) included 30 gastric cancer tissues from patients, but 7 
samples were excluded due to incompleteness. Another 
TMA (TMA 2) contained 30 various gastric disease sam-
ples (6 normal tissues, 9 gastric ulcer tissues, 1 gastric 
polyp tissue, 3 gastric intraepithelial neoplasia tissues, 
6 gastric carcinoma tissues and 6 normal adjacent tis-
sues), of which 2 normal tissues, 1 gastric ulcer tissue, 1 
gastric polyp tissue and 1 gastric carcinoma tissue were 
also excluded due to incompleteness. The remaining 49 
tissues were designated as Sample 1 to Sample 49 for fur-
ther analysis. Detailed information is shown in Additional 
file 1: Table S1. Two TMAs were made based on pathol-
ogy diagnosis of each tissues. The blocks were assembled 
and a surgical pathologist reviews the H&E slide for each 
case. The pathologist then circled the area of the block, 
localizing a representative tumor region from which a 
core will be extracted for our TMAs. Then we applied 
H&E staining on the two TMAs to validate pathology 
type of each tissue on each TMA, and the results of H&E 
staining was shown in Additional file  1: Figure S1. The 
core diameter on each TMA in this study is 2 mm, which 
is much larger than the normal TMA core (0.6 mm), to 
provide more representative tissues on TMA.

Immunohistochemistry
Gastric cancer paraffin blocks were processed into four-
micrometer-thick sections and mounted on slides for 
staining. Each slide contained 2 samples of the same tis-
sue. First, the slides were deparaffinized in xylene using 
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a graded ethanol series (75, 50, 25%). Antigen recovery 
was performed by microwaving the samples for 15  min 
in citrate buffer (pH 6.0), and the slides were cooled for 
30  min. Endogenous peroxidases were then blocked by 
treating the tissues with 3%  H2O2 for 10 min. Then, the 
tissues were incubated with blocking serum for 20 min at 
room temperature. Afterwards, the slides were incubated 
overnight with  CD8+T (1:500 dilution in SignalStain 
Antibody Diluent), PD-L1 (1:250 dilution in Signal-
Stain Antibody Diluent), and Foxp3 (1:350 dilution in 
SignalStain Antibody Diluent) primary antibodies (Cell 
Signaling, USA) at 4  °C and incubated with horseradish 
peroxidase (HRP) (Vectastain ABC kit, USA) for 30 min 
the next day. The slides were incubated with ABC rea-
gent (Vectastain ABC kit, USA) for another 30  min at 
room temperature, washed with TBST, and stained with 
3, 3′-diaminobenzidine (DAB). Finally, the slides were 
counterstained with hematoxylin and mounted with 
coverslips in DPX (Sigma, USA) for imaging. All stain-
ing preparations included a no primary antibody control, 
details are described by a previous study [15].

Multiplex immunohistochemistry
For mIHC staining, a PD-L1, Foxp3, and CD8a multiplex 
IHC antibody panel kit (Cell Signaling, USA) and Opal 
4-color fluorescent IHC kit (PerkinElmer, USA) were 
used [13]. First, the concentration and the order of the 
three antibodies were optimized, and the spectral library 
was built based on the single-stained slides. The slides 
were first deparaffined by xylene and ethanol (different 
concentrations) and antigen retrieval was performed 
by microwave. After incubating with 3%  H2O2 (freshly 
made) for 10 min, the tissues were blocked in blocking 
buffer for another 10  min at room temperature. Then 
the tissues were incubated by primary antibody (Cell 
signaling, USA), secondary-HRP (Cell signaling, USA) 
and Opal working solution (PerkinElmer, USA). The 
slides were mounted with ProLong Gold Antifade Rea-
gent with DAPI (Cell signaling, USA). All the slides were 
scanned using a Nikon C1 confocal microscope (Nikon, 
Japan), and images were analyzed by ImageJ software 
(National Institutes of Health, USA). The positive cell 
numbers of CD8 and Foxp3 were calculated by ImageJ 
software and the average intensity of PD-L1 was also 
analyzed by ImageJ software. The Analyze Particles tool 
in ImageJ was used to count the total number of posi-
tive CD8 and Foxp3 cells. Other details are described by 
a previous study [16]. The results were confirmed by two 
experienced pathologists blinded to the clinicopatho-
logical parameters (Additional file  1: Figure S2). The 
detailed protocol is described in the Additional file  1: 
Methods.

Statistical analysis
The statistical analysis was carried out using the Kruskal–
Wallis test for nonparametric analysis in GraphPad Prism 
(Version 5.0), and differences were considered statisti-
cally significant at p  <  0.05. Heatmaps and hierarchical 
clusters were generated in Rstudio (Version 3.2.0). Pear-
son correlation was performed by SPSS version 16.0 for 
Windows.

Results
Comparison of immunohistochemistry and mIHC 
to understand immune phenotypes in human gastric 
cancer
We hypothesized that analyzing cell–cell relationships 
via mIHC will provide a more complete view of tumor 
microenvironments than traditional IHC. To establish 
mIHC as a method for evaluating immune phenotypes in 
the microenvironments of human gastric disease, we first 
compared traditional IHC with more advanced 4-color 
mIHC. First, formalin-fixed, paraffin-embedded tissues 
from gastric cancer patients were stained by IHC. After 
optimization of the antibody dilution and antigen recov-
ery conditions,  CD8+T, Foxp3 and PD-L1 were detected 
in gastric cancer tissues.  CD8+T and Foxp3 were 
expressed in TILs, while PD-L1 was expressed in both 
tumors and TILs (Fig. 1a, b). PD-L1 showed membrane-
enriched expression (Fig.  1c). Then, mIHC was applied 
on the same paraffin tissues, and the mIHC experimen-
tal conditions were optimized individually with certain 
detection parameters and compared with IHC.  CD8+T, 
Foxp3 and PD-L1 expression patterns were very similar 
with the IHC results in the same tissue sections (Fig. 1d–
f). Clearer images of tumor microenvironments were 
observed using 4-color multispectral immunofluorescent 
staining. As shown in Fig. 2, CD8 was observed to express 
on the surface of lymphocytes (Fig.  2a–c) while Foxp3 
expressed in the nuclear of the lymphocytes (Fig. 2b–f). 
PD-L1 was observed in the membrane and/or cytoplasm 
of tumor and stromal cells (Fig. 2g–i). PD-L1 is a member 
of the B7 family of cell surface ligands that regulate T cell 
activation and immune responses [17]. The PD-L1 ligand 
binds the PD-1 transmembrane receptor and inhibits T 
cell activation. Thus, analyzing multiple cells markers 
 (CD8+T, Foxp3 and PD-L1) (Fig. 2j–l) allows us to assess 
spatial and interaction relationships, which provide valu-
able information for their relative function in this disease. 
To better understand the pathology type of the tissue, we 
applied H&E staining on the paraffin tissues to validate 
the pathology type of gastric cancer samples (Fig. 2m–o). 
Based on the results of H&E staining (Fig.  2m–o) and 
4-color mIHC staining (Fig. 2j–l), the gastric cancer tis-
sue in Fig.  2 is the typical representative sample that 
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showed CD8, Foxp3 and PD-L1 expressed in tumor-infil-
trated lymphoid tissues.

Differential expressions pattern of  CD8+T, Foxp3 and PD‑L1 
in gastric diseases
To assess differences in the expression of  CD8+T,  Foxp3+ 
and PD-L1, two TMA slides were used to compare the 
differences between gastric cancer tissues and other 
common gastric diseases, such as gastric ulcers. The two 
TMA slides were stained under the same experimental 
conditions after optimization as described above. There 
were totally 49 samples of different gastric diseases with 
28 gastric cancer tissues, 4 normal gastric tissues, 8 gas-
tric ulcer tissues, 3 gastric intraepithelial neoplasia tissues 
and 6 tumor normal adjacent tissues in two TMA slides 
(Additional file  1: Table S1). Six representative images 
are shown in Fig. 3. In the normal gastric mucosa tissue 
(Fig.  3a), gastric ulcer tissue (Fig.  3b), gastric intraepi-
thelial neoplasia tissue (Fig. 3c) and normal adjacent tis-
sue (Fig.  3d),  CD8+T cells displayed different patterns 
depending on the disease. However, different patterns of 
immune infiltration were observed in gastric tissues from 
diseases, including normal gastric mucosa, gastric ulcer, 
gastric intraepithelial neoplasia and gastric cancer. Even 
in gastric cancer, two distinct patterns of immune infil-
trate were observed in our cohort: patients with exten-
sive immune infiltrates, which here presented extensive 
PD-L1 and  Foxp3+ expression (Fig.  3e), and those with 
limited immune infiltrate, whose tissue presented little 

PD-L1 and limited Foxp3 expression (Fig. 3f ). This result 
was consistent with that of Wu et al., who reported that 
approximately 42.2% of gastric carcinoma tissues can be 
detected by PD-L1 [18].

CD8+T, Foxp3 and PD‑L1 expression correlated 
with immune phenotypes in different gastric diseases
To quantitatively compare the different levels of  CD8+T, 
Foxp3 and PD-L1 expression between various types of 
gastric disease and cancers, all the samples on the TMA 
slides were scanned using a Nikon confocal microscope. 
The numbers of  CD8+ T cells and  Foxp3+ cells per  mm2 
were analyzed and calculated in ImageJ, along with the 
average PD-L1 intensity. All images were also scored by 
two experienced pathologists, yielding similar results 
(Additional file 1: Figure S2). As summarized in Fig. 4, 
no differences were observed between different tis-
sues regarding the number of  CD8+ T cells. However, 
the number of Foxp3 cells was significantly (p  <  0.01) 
higher in gastric cancer tissues (319  Foxp3+ cells per 
 mm2) than in normal adjacent tissues (25  Foxp3+ cells 
per  mm2). PD-L1 expression in gastric cancer tissues 
(17.41 PD-L1 average intensity per  mm2) was also sig-
nificantly higher than in normal gastric mucosa tissues 
(0.34 PD-L1 average intensity per  mm2) and normal 
adjacent tissues (0 PD-L1 average intensity per  mm2). 
Interestingly, PD-L1 expression was also increased in 
gastric ulcer tissues (Fig. 4), possibly due to Helicobacter 
pylori infection [19].
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Fig. 1 Comparison between IHC staining and 4-color mIHC staining of paraffin-embedded gastric cancer tissue (× 10). a–c IHC staining of CD8 
(1:500), Foxp3 (1:350) and PD-L1 (1:250). d, e 4-color mIHC staining of CD8a (1:500), Foxp3 (1:350) and PD-L1 (1:250). DAPI was used to visualize 
nuclei (blue color), FITC corresponds to PD-L1 (green color), Cy3 represents Foxp3 (yellow color), and Cy5 indicates CD8 (red color)
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The ratios of  CD8+T:Foxp3+ and  CD8+T:PD‑L1 cells were 
suppressed in tumor tissues
Based on the above results,  CD8+T is insufficient for 
predicting the ability to generate TILs. However, when 

we evaluated the relative proportion of  CD8+T and 
 Foxp3+ cells, the ratio was highly significant (p  <  0.05) 
among different gastric tissues, and the normal adjacent 
tissues possessed a significantly higher ratio of  CD8+T 
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Fig. 2 mIHC images with individual channels in gastric cancer tissues. a–c CD8 expression (red color) in gastric cancer tissues (a 10 × image; b 
× 20 image; c × 40 image). d–f Foxp3 expression (yellow color) in gastric cancer tissues (d × 10 image; e × 20 image; f × 40 image). g–i PD-L1 
expression (green color) in gastric cancer tissues (g × 10 image; h × 20 image; i × 40 image). j–l Merge pictures of mIHC images (j × 10 image; k 
× 20 image; l × 40 image). m–o H&E staining images (m × 10 image; n × 20 image; o × 40 image). DAPI was used to visualize nuclei (blue color), 
FITC was used to visualize PD-L1 (green color), Cy3 indicates Foxp3 (yellow color), and Cy5 corresponds to CD8 (red color)
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and  Foxp3+ cells compared with gastric cancer and gas-
tric ulcer tissues (Fig. 5a). When we calculated the ratio 
of  CD8+ and PD-L1+ cells, the ratios observed in nor-
mal adjacent tissues were also significantly higher than 
those in gastric cancer and normal gastric mucosa tissues 
(Fig.  5b), suggesting potential immunosuppressive roles 
for Foxp3 and PD-L1.

To dissect the immune phenotypes and cell inter-
actions among  CD8+T,  Foxp3+ and PD-L1 in the 

microenvironment, heatmap and clustering analy-
ses were performed to assess the potential correlation 
between different gastric diseases. First, we examined 
the 49 samples to see their clustering results based on 
the of  CD8+T, Foxp3 and PD-L1 expression. As shown in 
Fig. 5c, all the samples clustered into 3 groups: one group 
contained two special samples of gastric cancer (higher 
CD8 expression), another contained most of the gastric 
cancer tissues (higher Foxp3 and PD-L1 expression), and 
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Fig. 3 4-color mIHC images of different samples (× 20). a Normal gastric mucosa tissue (Sample 24). b Gastric ulcer tissue (Sample 30). c Gastric 
intraepithelial neoplasia tissue (Sample 38). d Normal adjacent tissue (Sample 44). e Gastric cancer tissue (Sample 43). f Gastric cancer tissue (Sam-
ple 47)
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the third group contained different types of gastric tis-
sues. The group containing most of the gastric cancer tis-
sues possessed higher PD-L1 and Foxp3 levels. However, 
PD-L1 was expressed partly in gastric cancer tissue based 
on the results of Fig. 5d (sample 9, gastric cancer tissue). 
Some gastric cancer also expressed lower PD-L1 (Fig. 5e, 

sample 12, gastric cancer tissue and Fig.  5f, sample 20, 
gastric cancer tissue).

Therefore, the ratio of CD8:Foxp3 and CD8:PD-L1 was 
used as a signature to determine the hierarchical cluster-
ing results of the 49 samples (Fig. 5h). All of the samples 
were divided into three main groups. One main group 
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contained most of the gastric cancer tissues and gastric 
ulcer tissues based on their low CD8/Foxp3 and CD8/
PD-L1 expression, as shown in Fig. 5d, e. Other normal 
tissues and gastric disease tissues, which exhibited rela-
tively high expression of CD8/Foxp3 and CD8/PD-L1, 
were clustered into another group (Fig.  5g, sample 24, 
normal gastric mucosa tissue), and two normal adjacent 
tissues comprised the third group.

CD8, Foxp3 and PD‑L1 signature in gastric cancer tissue
To dissect the immune phenotypes and cell interactions 
among  CD8+T,  Foxp3+ and PD-L1 in the microenvi-
ronment, we further aim to refine subgroups in gastric 
patients. The heatmap and clustering analyses were per-
formed to assess the potential correlation between 
different gastric diseases. However, we cannot distin-
guish each disease immune phenotype by single marker 
 CD8+T,  Foxp3+ and PD-L1 clustering analyses (Fig. 5c). 
But when using the ratio of CD8:Foxp3 and CD8:PD-L1 
for the hierarchical clustering, we were able to divide the 

samples into three main groups and correlated to the 
disease. One main group contained most of the gastric 
cancer tissues and gastric ulcer tissues based on their 
low CD8/Foxp3 and CD8/PD-L1 expression, as shown in 
Fig. 5h. Other normal tissues and gastric disease tissues, 
which exhibited relatively high expression of CD8/Foxp3 
and CD8/PD-L1, were clustered into another group. The 
hierarchical clustering was also supported by additional 
Pearson correlation analysis in gastric cancer tissues. As 
shown in Fig.  6a–c, the correlation coefficient between 
the expression of CD8 and Foxp3 in gastric cancer tissues 
was 0.479 (p < 0.01). Moreover, the expression of Foxp3 
was also high correlated with PD-L1 with the coefficient 
of 0.473 (p < 0.05). However, no significant relationship 
was found between the expression of CD8 and PD-L1 in 
gastric cancer tissues. Then we applied hierarchical clus-
tering analysis in gastric cancer tissues (Fig.  6d). Based 
on the ratio of CD8:PD-L1, gastric cancer tissues were 
divided into three groups. However, after adding the ratio 
of CD8/Foxp3 for the further clustering analysis, more 
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than 6–7 subtype gastric cancer immune phenotype 
formed, which indicated the complexity of classification. 
These more refined groups may help us to divide gastric 
cancer patients of the same clinical stage into different 
risk subgroups, which could potentially be useful for pre-
diction and treatment guidelines of PD-L1 therapy.

Discussion
We established a novel 4-color mIHC method that facili-
tates studying multiple parameters simultaneously in 
gastric disease tissues, which can illuminate important 
suppressive mechanisms within the tumor microenvi-
ronment [20]. This technology may help overcome the 
limitations of conventional single-color immunohisto-
chemistry approaches used to classify patients based on 
the degree of their CD3 and CD8 T cell infiltration [21]. 
Here, our data revealed that the interactions between dif-
ferent immune populations serve as a better predictor 
compared with CD8 T cell density alone. Furthermore, 
by integrating this tool with unsupervised hierarchi-
cal analysis, we are able to observe the correlation pat-
terns and signatures of CD8 and Foxp3 TIL densities and 
PD-L1 levels, which may indicate that PD-L1 regulates 
the immune response. This finding may be important 
in understanding the mechanisms of action of therapies 
and developing predictive biomarkers for more direct 
therapy.

Through the application of digital pathology tools for 
biomarker discovery and validation,  CD8+ T cell infil-
trates have been shown to have prognostic value in vari-
ous types of cancer. High densities of CD8 and PD-L1 
staining correlate with responses to anti-PD-1 immuno-
therapy agents in renal cell carcinoma (RCC), melanoma 
and non-small cell lung cancer (NSCLC) [22]. Patients 
with both high levels of T cell infiltrates and high PD-L1 
expression in their tumors may fail to respond to anti-
PD-L1 therapy. Complex tumor microenvironments are 
difficult to encapsulate with single markers such as CD8 
and PD-L1. Thus, utilizing multiparametric analyses of 
immune checkpoints, including PD-L1, CD8 and Foxp3, 
to study the interactions between cell types may provide 
a more comprehensive view of immune phenotypes and 
signatures in the tumor microenvironment, which may 
help develop predictions and accurately stratify patients 
compared with CD8 alone.

The link between PD-L1 expression and immuno-
therapeutic outcomes can vary, possibly due to differ-
ent IHC assays. Unresolved issues, including different 
staining protocols, different antibody protocols, and 
different scoring methods for identifying target cells 
as TCs, tumor-infiltrating immune cells (TIICs), etc., 
likely contribute to the unstable PD-L1 landscape. We 
used the E13LN clone from Cell Signaling Technologies, 

which demonstrates greater antibody sensitivity com-
pared with other PD-L1 antibodies. We also optimized 
the experimental conditions to compare traditional IHC 
and 4-color mIHC using the same antibodies. Auto-
matic identification of specific cells and tissue compart-
ment types using trainable feature recognition algorithms 
was also implemented for our pattern and morphology 
analysis.

Immune responsiveness to the presence of a tumor is 
dependent on the proximity lymphocytes to the tumor. 
Endogenous  CD8+ tumor-infiltrating T cells have been 
identified in a small series of patients with advanced gas-
tric cancer [23]. These naturally occurring  CD8+ TILs 
can specifically recognize autologous tumor-derived 
cells. However, in tumor regression during late-stage 
gastric cancers, TILs are rarely seen in the tumor micro-
environment, suggesting that TILs are more common 
in early-stage disease which we selected stage II cancer 
patients and that advanced gastrointestinal malignan-
cies are less immunogenic due to the selection pressure 
of some cancer cell during disease progression [24]. 
Multiple large studies have shown that increased PD-L1 
expression correlates with worse prognosis, highlight-
ing the prognostic power of PD-L1 expression in gastric 
cancers [25]. Elevated the expression of PD-L1 is asso-
ciated with advanced stage, more nodal metastases and 
worse outcomes [26]. The PD-L1 pathway has become an 
important target in cancer immunotherapy. However, the 
prognostic value of PD-L1 for gastric cancer still remains 
controversial due to the complexity of the tumor and 
immune cells interaction. For this propose, to compre-
hensive evaluation of PD-L1 expression, Foxp3 and  CD8+ 
T cells is necessary and superior to predicting these 
interactions.

Recent study showed that  molecular classification 
dividing gastric cancer into four subtypes: (1) tumors 
positive for Epstein–Barr virus, which display recur-
rent PIK3CA mutations, (2) extreme DNA hypermeth-
ylation, (3) amplification of  JAK2,  CD274  (PD-L1) 
and  PDCD1LG2  (PD-L2); (4) microsatellite unstable 
tumors (Microsatellite instability, MSI), which show 
elevated mutation rates, including mutations of genes 
encoding targetable oncogenic signalling proteins [27]. 
Those interesting data showed that PD-L1/2 expres-
sion was elevated in EBV-positive tumors by 9p ampli-
fications, which were enriched in the EBV subgroup 
(15% of tumors). These results may indicate that those 
molecular classification associated with immune phe-
notype (checkpoint), will be worth to follow up in the 
association between checkpoint and expression of EBV, 
phenotype of MSI in a much larger number of gastric 
cancer tissues and also relative survival data in our 
future study.
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The main aim of this study was to analyze the tumor 
microenvironment by analyzing 3 markers on 4-μm-thick 
gastric disease tissue sections. Overall, we found that 
the method was reproducible. Our data showed that 
PD-L1 was expressed in gastric ulcers, TCs and TIICs 
but not in normal gastric mucosa or other gastric 
intraepithelial neoplasia tissues. Furthermore, the ratios 
of  CD8+T:Foxp3 and  CD8+T:PD-L1 were suppressed 
in tumor tissues. Using the  CD8+T:PD-L1 ratio, we 
were able to divide the samples into three class groups, 
and further integrating the  CD8+T:Foxp3 ratio, which 
increased the complicity of immune phenotypes status, 
we defined 6–7 signatures and allowed the separation 
of gastric cancer patients at the same stage into differ-
ent risk-group subsets (Fig.  6). Thus, increasing tumor 
PD-L1 expression correlated with response rate in a 
recent PD-1 inhibitor (KEYNOTE-012) phase I clinical 
trial, which supported a trend toward improved overall 
response rate (ORR) and progression-free survival (PFS) 
[28]. However, a few cases with lower responses also had 
high levels PD-L1 expression, suggesting that using the 
 CD8+T:Foxp3 and  CD8+T:PD-L1 ratios to define 6–7 
clusters to separate gastric cancer patients into different 
risk subgroups may be useful for predicting and guiding 
PD-L1 therapy.

Conclusions
In conclusion, mIHC allows us to better understand 
immune phenotypes in human gastric disease tissues. 
Our sub-analysis indicated that the ratios of cytotoxic T 
cells to regulatory T cells  (CD8+T:Foxp3) and cytotoxic 
T cells to PD-L1  (CD8+T:PD-L1) tended to predict anti-
tumor interactions in the microenvironment, indicating 
that the combination of  CD8+T, Foxp3 and PD-L1 exhib-
its more predictive potential than PD-L1 expression or 
 CD8+ TIL density alone. These finding will help identify 
situations in which PD-L1 blockade therapy may be use-
ful for patients with gastric cancer.

Abbreviations
mIHC: multiplexed immunohistochemistry; PD-L1: programmed death-ligand 
1; CD8+T: cytotoxic T cells; TCs: tumor cells; TIICs: tumor-infiltrating immune 
cells; TIL: tumor-infiltrating lymphocyte; Tregs: regulatory T cells; HRP: horse-
radish peroxidase; DAB: 3, 3′-diaminobenzidine; RCC: renal cell carcinoma; 
NSCLC: melanoma and non-small cell lung cancer; ORR: overall response rate; 
PFS: progression-free survival.

Authors’ contributions
LY, FY, DX and YH contributed to concept, design of the study and wrote the 
manuscript. LY performed the experiments, LY and FY analyzed the data. QM, 

Additional file

Additional file 1. Supplemental methods, supplementary tables for 
patients. Figure S1. H&E staining of the two TMAs. Figure S2. Compari-
son of the results of ImageJ software and the score by pathologists.

XY, LY, BRW, DWC, LS, YT, PN and XW helped to acquire experimental data 
and contributed to the reagents. All authors read and approved the final 
manuscript.

Author details
1 Faculty of Medical Laboratory Science, Ruijin Hospital, School of Medicine, 
Shanghai Jiao Tong University, 227 Chongqing Road South, Shanghai 200025, 
China. 2 Institute of Ageing Research, Hangzhou Normal University School 
of Medicine, Hangzhou, China. 3 Department of Tea Science, Zhejiang 
University, Hangzhou, China. 4 Department of General Surgery, Shanghai Jiao 
Tong University Affiliated First People’s Hospital, Shanghai, China. 5 Hudson 
Institute of Medical Research, Department of Molecular and Translational 
Science, Monash University, Clayton, VIC, Australia. 6 Department of Obstetrics 
and Gynaecology, LKS Faculty of Medicine, The University of Hong Kong, 
Hong Kong SAR, P. R. China. 7 Department of Microbiology and Immunology, 
Nanjing University of Chinese Medicine, Nanjing 210046, China. 8 Cell Signal-
ing Technology, Inc., Asia Pacific, Danvers, USA. 9 Department of Laboratory 
Medicine, Ruijin Hospital, Shanghai Jiaotong University School of Medicine, 
Shanghai, China. 

Acknowledgements
The authors are grateful to the staff at the Department of General Surgery at 
the Shanghai Jiao Tong University, Ruijin Hospital for the collection of patient 
samples.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data generated or analyzed in this study are included in this published 
article and its additional files.

Consent for publication
This article does not contain any individual person’s data in any form.

Ethics approval and consent to participate
All of the protocols using human specimens were approved by Shanghai Jiao 
Tong University, and informed consent was obtained from all of the subjects.

Funding
This work was supported by grants from the National Natural Science Founda-
tion of China (81273247, 81472655 and 31670905) and the Shanghai Munici-
pal Education Commission key discipline support Project 2015-10101001-1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 11 April 2017   Accepted: 4 October 2017

References
 1. Lee HE, Chae SW, Lee YJ, Kim MA, Lee HS, Lee BL, Kim WH. Prognostic 

implications of type and density of tumour-infiltrating lymphocytes in 
gastric cancer. Br J Cancer. 2008;99(10):1704–11.

 2. Topalian SL, Taube JM, Anders RA, Pardoll DM. Mechanism-driven bio-
markers to guide immune checkpoint blockade in cancer therapy. Nat 
Rev Cancer. 2016;16(5):275–87.

 3. Romano E, Romero P. The therapeutic promise of disrupting the PD-1/
PD-L1 immune checkpoint in cancer: unleashing the CD8 T cell mediated 
anti-tumor activity results in significant, unprecedented clinical efficacy 
in various solid tumors. J Immunother Cancer. 2015;3:15.

 4. Hadrup S, Donia M, Thor Straten P. Effector CD4 and CD8 T cells and 
their role in the tumor microenvironment. Cancer Microenviron Off J Int 
Cancer Microenviron Soc. 2013;6(2):123–33.

 5. Blankenstein T, Coulie PG, Gilboa E, Jaffee EM. The determinants of 
tumour immunogenicity. Nat Rev Cancer. 2012;12(4):307–13.

http://dx.doi.org/10.1186/s12967-017-1311-8


Page 11 of 11Ying et al. J Transl Med  (2017) 15:206 

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

 6. Thompson ED, Zahurak M, Murphy A, Cornish T, Cuka N, Abdelfatah E, 
Yang S, Duncan M, Ahuja N, Taube JM, Anders RA and Kelly RJ. Patterns of 
PD-L1 expression and CD8 T cell infiltration in gastric adenocarcinomas 
and associated immune stroma. Gut. 2017;66(5):794–801.

 7. Shen LS, Wang J, Shen DF, Yuan XL, Dong P, Li MX, Xue J, Zhang FM, 
Ge HL, Xu D. CD4(+)CD25(+)CD127(low/−) regulatory T cells express 
Foxp3 and suppress effector T cell proliferation and contribute to gastric 
cancers progression. Clin Immunol. 2009;131(1):109–18.

 8. Yuan XL, Chen L, Li MX, Dong P, Xue J, Wang J, Zhang TT, Wang XA, 
Zhang FM, Ge HL, Shen LS, Xu D. Elevated expression of Foxp3 in tumor-
infiltrating Treg cells suppresses T-cell proliferation and contributes to 
gastric cancer progression in a COX-2-dependent manner. Clin Immunol. 
2010;134(3):277–88.

 9. Fu J, Xu D, Liu Z, Shi M, Zhao P, Fu B, Zhang Z, Yang H, Zhang H, Zhou C, 
Yao J, Jin L, Wang H, Yang Y, Fu YX, Wang FS. Increased regulatory T cells 
correlate with CD8 T-cell impairment and poor survival in hepatocellular 
carcinoma patients. Gastroenterology. 2007;132(7):2328–39.

 10. Ilyas M, Grabsch H, Ellis IO, Womack C, Brown R, Berney D, Fennell D, Salto-
Tellez M, Jenkins M, Landberg G, Byers R, Treanor D, Harrison D, Green AR, 
Ball G, Hamilton P, et al. Guidelines and considerations for conducting 
experiments using tissue microarrays. Histopathology. 2013;62(6):827–39.

 11. Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-Pages 
C, Tosolini M, Camus M, Berger A, Wind P, Zinzindohoue F, Bruneval P, 
Cugnenc PH, Trajanoski Z, Fridman WH, Pages F. Type, density, and loca-
tion of immune cells within human colorectal tumors predict clinical 
outcome. Science. 2006;313(5795):1960–4.

 12. Salama P, Phillips M, Grieu F, Morris M, Zeps N, Joseph D, Platell C, 
Iacopetta B. Tumor-infiltrating FOXP3 + T regulatory cells show strong 
prognostic significance in colorectal cancer. J Clin Oncol Off J Am Soc 
Clin Oncol. 2009;27(2):186–92.

 13. Stack EC, Wang C, Roman KA, Hoyt CC. Multiplexed immunohistochemis-
try, imaging, and quantitation: a review, with an assessment of Tyramide 
signal amplification, multispectral imaging and multiplex analysis. Meth-
ods. 2014;70(1):46–58.

 14. Gibney GT, Weiner LM, Atkins MB. Predictive biomarkers for checkpoint 
inhibitor-based immunotherapy. Lancet Oncol. 2016;17(12):e542–51.

 15. Yan F, Ying L, Li X, Qiao B, Meng Q, Yu L, Yuan X, Ren ST, Chan DW, Shi L, 
Ni P, Wang X, Xu D, Hu Y. Overexpression of the transcription factor ATF3 
with a regulatory molecular signature associates with the pathogenic 
development of colorectal cancer. Oncotarget. 2017;8(29):47020–36.

 16. Sadler AJ, Suliman BA, Yu L, Yuan X, Wang D, Irving AT, Sarvestani ST, 
Banerjee A, Mansell AS, Liu JP, Gerondakis S, Williams BR, Xu D. The 

acetyltransferase HAT1 moderates the NF-kappaB response by regulating 
the transcription factor PLZF. Nat Commun. 2015;6:6795.

 17. Pardoll DM. The blockade of immune checkpoints in cancer immuno-
therapy. Nat Rev Cancer. 2012;12(4):252–64.

 18. Sznol M, Chen L. Antagonist antibodies to PD-1 and B7-H1 (PD-L1) in the 
treatment of advanced human cancer. Clin Cancer Res Off J Am Assoc 
Cancer Res. 2013;19(5):1021–34.

 19. Wu YY, Lin CW, Cheng KS, Lin C, Wang YM, Lin IT, Chou YH, Hsu PN. 
Increased programmed death-ligand-1 expression in human gastric 
epithelial cells in Helicobacter pylori infection. Clin Exp Immunol. 
2010;161(3):551–9.

 20. Kalra J, Baker J. Multiplex immunohistochemistry for mapping the tumor 
microenvironment. Methods Mol Biol. 2017;1554:237–51.

 21. Zhang W, Hubbard A, Jones T, Racolta A, Bhaumik S, Cummins N, Zhang L, 
Garsha K, Ventura F, Lefever MR, Lu Z, Hurley JK, Day WA, Pestic-Dragovich 
L, Morrison LE, Tang L. Fully automated 5-plex fluorescent immunohisto-
chemistry with tyramide signal amplification and same species antibod-
ies. Lab Invest. 2017;97(7):873–85.

 22. Chinai JM, Janakiram M, Chen F, Chen W, Kaplan M, Zang X. New 
immunotherapies targeting the PD-1 pathway. Trends Pharmacol Sci. 
2015;36(9):587–95.

 23. Turcotte S, Gros A, Tran E, Lee CC, Wunderlich JR, Robbins PF, Rosenberg 
SA. Tumor-reactive CD8+ T cells in metastatic gastrointestinal cancer 
refractory to chemotherapy. Clin Cancer Res Off J Am Assoc Cancer Res. 
2014;20(2):331–43.

 24. DuPage M, Mazumdar C, Schmidt LM, Cheung AF, Jacks T. Expression 
of tumour-specific antigens underlies cancer immunoediting. Nature. 
2012;482(7385):405–9.

 25. Saito H, Kuroda H, Matsunaga T, Osaki T, Ikeguchi M. Increased PD-1 
expression on CD4+ and CD8+ T cells is involved in immune evasion in 
gastric cancer. J Surg Oncol. 2013;107(5):517–22.

 26. Hou J, Yu Z, Xiang R, Li C, Wang L, Chen S, Li Q, Chen M, Wang L. Correla-
tion between infiltration of FOXP3+ regulatory T cells and expres-
sion of B7-H1 in the tumor tissues of gastric cancer. Exp Mol Pathol. 
2014;96(3):284–91.

 27. Cancer Genome Atlas Research N. Comprehensive molecular characteri-
zation of gastric adenocarcinoma. Nature. 2014;513(7517):202–9.

 28. Muro K, Chung HC, Shankaran V, Geva R, Catenacci D, Gupta S, Eder JP, 
Golan T, Le DT, Burtness B, McRee AJ, Lin CC, Pathiraja K, Lunceford J, 
Emancipator K, Juco J, et al. Pembrolizumab for patients with PD-L1-pos-
itive advanced gastric cancer (KEYNOTE-012): a multicentre, open-label, 
phase 1b trial. Lancet Oncol. 2016;17(6):717–26.


	Understanding immune phenotypes in human gastric disease tissues by multiplexed immunohistochemistry
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Sample and tissue microarray preparation
	Immunohistochemistry
	Multiplex immunohistochemistry
	Statistical analysis

	Results
	Comparison of immunohistochemistry and mIHC to understand immune phenotypes in human gastric cancer
	Differential expressions pattern of CD8+T, Foxp3 and PD-L1 in gastric diseases
	CD8+T, Foxp3 and PD-L1 expression correlated with immune phenotypes in different gastric diseases
	The ratios of CD8+T:Foxp3+ and CD8+T:PD-L1 cells were suppressed in tumor tissues
	CD8, Foxp3 and PD-L1 signature in gastric cancer tissue

	Discussion
	Conclusions
	Authors’ contributions
	References




