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Non-small cell lung carcinoma (NSCLC) is a complex cancer biome composed of
malignant cells embedded in a sophisticated tumor microenvironment (TME) combined
with different initiating cell types, including immune cells and cancer-associated fibroblasts
(CAFs), and extracellular matrix (ECM) proteins. However, little is known about these
tumors’ immune-matricellular relationship as functional and mechanical barriers. This
study investigated 120 patients with NSCLC to describe the immune-matricellular
phenotypes of the i r TME and the i r re la t ionsh ip wi th mal ignant ce l ls .
Immunohistochemistry (IHC) was performed to characterize immune checkpoints (PD-
L1, LAG-3, CTLA-4+, VISTA 1), T cells (CD3+), cytotoxic T cells (CD8+, Granzyme B),
macrophages (CD68+), regulatory T cells (FOXP3+, CD4+), natural killer cells (CD57+),
and B lymphocytes (CD20+), whereas CAFs and collagen types I, III, and V were
characterized by immunofluorescence (IF). We observed two distinct functional
immune-cellular barriers—the first of which showed proximity between malignant cells
and cytotoxic T cells, and the second of which showed distant proximity between non-
cohesive nests of malignant cells and regulatory T cells. We also identified three tumor-
associated matricellular barriers: the first, with a localized increase in CAFs and a low
deposition of Col V, the second with increased CAFs, Col III and Col I fibers, and the third
with a high amount of Col fibers and CAFs bundled and aligned perpendicularly to the
tumor border. The Cox regression analysis was designed in two steps. First, we
investigated the relationship between the immune-matricellular components and tumor
org August 2021 | Volume 12 | Article 7142301
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pathological stage (I, II, and IIIA), and better survival rates were seen in patients whose
tumors expressed collagen type III > 24.89 fibers/mm². Then, we included patients who
had progressed to pathological stage IV and found an association between poor survival
and tumor VISTA 1 expression > 52.86 cells/mm² and CD3+ ≤ 278.5 cells/mm². We thus
concluded that differential patterns in the distribution of immune-matricellular phenotypes
in the TME of NSCLC patients could be used in translational studies to predict new
treatment strategies and improve patient outcome. These data raise the possibility that
proteins with mechanical barrier function in NSCLC may be used by cancer cells to
protect them from immune cell infiltration and immune-mediated destruction, which can
otherwise be targeted effectively with immunotherapy or collagen therapy.
Keywords: lung cancer, immune cells, collagen, cancer-associated fibroblasts, immunofluorescence,
immunohistochemistry, non-small cell lung cancer
INTRODUCTION

The progression and prognosis of non-small cell lung carcinomas
(NSCLC) remain a problem for both oncologists and patients. The
median survival among patients who receive targeted therapy is
poor (approximately 8 months), and only 15% of patients are alive
after 5 years (1). Furthermore, nearly 50% of NSCLC patients
develop distant metastases or relapse, one third develop brain
metastases, and several cases of occult spread beyond the lung
have been described even when the tumor seemed to have been
completely resected (2). Thus, additional strategies are still being
sought to improve this scenario.

NSCLC is a complex cancer biome composed of malignant
cells embedded in a sophisticated tumor microenvironment
(TME) with different and combined initiating cell types,
including CAFs, and extracellular matrix (ECM) proteins. The
TME is regulated by continuous epithelial-to-mesenchymal-
ECM interactions, which are now recognized as key actors in
the theatrical scenario for progression of primary lung carcinoma
(3–6). In the ECM, a variety of collagen proteins provide the
framework for parenchymal and stroma alignment, working as a
mechanical barrier that regulates cancer cell growth and motility
(7), whereas immune checkpoints, macrophages, T cells, and
natural killer (NK) cells represent the functional immune barrier.

T lymphocytes encompass 80% of tumor-infiltrating
lymphocytes (TILs) (8), and among them, CD8+ cytotoxic
lymphocytes represent the effector arm of adaptive immunity
anti-tumoral cells that promote the delay in cell proliferation and
growth rates. Investigations that examined the association
between CD8+ TILs and prognosis in NSCLC are controversial
(9, 10). Moreover, a study including a large casuistic of patients
with NSCLC showed an association of CD8+ and longer survival
only in squamous cell carcinoma (10), in opposite to the findings
of Wakabayashi and colleagues (9). In other reports, CD3 with
simultaneous high infiltration of CD4+/CD8+ correlated with
longer survival (11, 12). Equally, statements have been made for
high CD4/CD8 and CD20 lymphocyte infiltration in the stroma
(9, 10). High FOXP3 or density of NK cells also have been
reported to correlate with the prognosis of recurrence in
cancer (13).
org 2
Most of those studies, looking for biomarkers that modulate
the risk of cancer progression and specific death, have primarily
focused on tumor epithelial compartment (14, 15) and not on their
relationship with collagen and CAFs in tumor stroma for invasion
more lethal, and more therapeutically relevant for metastatic
lesion. Therefore, there is a pressing need for a pathway that
helps oncologists identify which patients are most expected to
relapse or develop metastases after surgery (16). Additional
molecular categorization of the tumor landscape could bring the
opportunity to identify novel factors and matched molecular
targets that control disease progression and thus lead to the
conception of innovative therapeutic strategies (17).

In order to address these gaps in the literature, we evaluated
the relationship between those known markers of the
immunological journey in NSCLC and matricellular proteins,
most of them involved in functional and mechanical molecular
barriers and cell block motility that support NSCLC invasion and
metastases in localized surgically resected primary tumor.
Overall, overexpression of matricellular mechanical barrier
proteins was associated with two distinct patient populations
with lack immune signature and immune-suppressive barrier in
these cancers, but with different prognostic implications for each.
These data raise the possibility that proteins with mechanical
barrier function in lung tissue may be used by cancer cells to
protect them from immune cell infiltration and immune-
mediated destruction.
MATERIALS AND METHODS

Study Cohort
We conducted a retrospective, longitudinal, single-center study
which included a consecutive series of 120 NSCLC patients who
underwent curative surgical resection between 1995 and 2018 at
the Thoracic Surgery Unit of Clinicas Hospital, at the Heart
Institute (InCor), and at the São Paulo Cancer Institute (ICESP)
of the University of São Paulo Medical School. We included in
the study chemo-naive patients with histologically diagnosed
NSCLC stages I, II, or IIIA whose thoracic surgery had produced
adequate tissue specimens. Patients treated with neoadjuvant
August 2021 | Volume 12 | Article 714230
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chemotherapy and/or radiotherapy, submitted to palliative
surgical procedure, or with inadequate paraffin embedded
formalin fixed specimens were excluded.

Clinicopathological data were collected and managed using
REDCap electronic data capture tools hosted at ICESP and
included gender, age, tobacco history, histology, and disease
stage, as described in the Eighth Edition of the Union for
International Cancer Control (UICC) TNM Classification of
Malignant Tumors (18). We also collected information on
subsequent systemic or locoregional treatments, eventual
relapse, and death. Patients were followed up on an outpatient
basis through monthly visits to the oncologist. Brain, chest, and
abdomen CT scans were performed every 6 months for the first 5
years and every year thereafter. Overall survival (OS) served as
the primary outcome and was defined as the interval from
surgery to death or last contact.

This study was conducted according to the current rules of
Good Clinical Practice and principles of the Helsinki declaration.
The Internal Ethics Committees of all participating institutions
approved this study protocol under number 2.394.595.

Sample Selection Criteria
In the current study, to achieve our objectives, consecutive samples
of NSCLC from our patients were selected to characterize immune
checkpoints (PD-L1, LAG-3, CTLA-4+, VISTA 1), T cells (CD3+),
cytotoxic T cells (CD8+, Granzyme B), macrophages (CD68+),
regulatory T cells (FOXP3+, CD4+), NK cells (CD57+), and B
lymphocytes (CD20+), as well as matricellular proteins (cancer-
associated fibroblasts, collagen types I, III, and V). Formalin-fixed
paraffin-embedded specimens of NSCLC resected were extracted
from the archive of the Department of Pathology, Sao Paulo
University. A cohort of all patients was identified for TMA
construction. Diagnoses were made according to the
recommendations of the World Health Organization classification
for lung cancer 2015 (19) by an experienced lung pathologist.
Twenty-five percent (N = 30) of our cases were poorly
differentiated carcinomas, so immunohistochemistry was
performed, and the final classification included adenocarcinoma
(N = 73, 60%), squamous cell carcinoma (N = 24, 20%), and large
cell carcinoma (N = 7, 6%).

Prior to TMA construction, hematoxylin and eosin (H&E)-
stained slide of eachblockwas analyzed inorder to ensure thatTME
would be represented by portions of normal tissue, intermediate,
and tumor tissue as shown in Figure 1. Three TMA cores were
available, and the TMA sections were prepared using three 1.0-mm
tissue cores obtained from the three portions of the tumor, as
described previously (20). Normal liver and kidney tissues were
used for control and slide orientation purposes.

Immunohistochemistry
To characterize and standardize the immune cell population,
immunostaining was first tested on whole tissue sections and
TMAs. In this step, four-micron-thick sequential whole tissue
sections and TMA sections were stained with immunoperoxidase.
For the immune checkpoints, the staining was performed with
antibodies against programmed death ligand 1 (PD-L1; Ventana®,
SP263), lymphocyte activating gene 3 (LAG-3; 1:100; Cell Signaling
Frontiers in Immunology | www.frontiersin.org 3
Technology), cytotoxic T-lymphocyte associated protein 4
(CTLA-4; 1:100; Santa Cruz), and V-domain Ig Suppressor of T
cell Activation (VISTA 1; 1:400; Cell Signaling Technology). In
parallel, we used antibodies against inflammatory markers: T cells
(CD3, 1:15000; Dako), cytotoxic T cells (CD8, 1:400; Dako; and
Granzyme B, 1:50; Biocare), NK cells (CD57, 1:100; Biocare),
regulatory T cells (CD4, 1:100; Cell Signaling Technology; and
Fork head box protein P3 - FOXP3, 1:100; Abcam), B lymphocytes
(CD20, 1:2000; Dako), and macrophages (CD68, 1:5000; Dako).
Briefly, the evaluation of immune cells and immune checkpoints
was carried out in tumor epithelial and tumor stroma
compartments, within the borders of the invasive tumor and in
areas within the tumor, considering both intraepithelial and
tumoral stromal areas.

Immunofluorescence
The matricellular components including CAFs, collagen I,
collagen III, and collagen V were characterized by
immunoperoxidase followed by immunofluorescence. To
perform the immunostaining, lung sections (3–4 mm) were
mounted on 3-aminopropyltriethoxysilane (Sigma Chemical
Co., St. Louis, MO, USA), dewaxed in xylol, hydrated in
graded ethanol, and exposed to a 0.3% hydrogen peroxide
and formic acid solution to inhibit endogenous peroxidase
activity. Antigen retrieval was accomplished using a citrate
buffer solution at pH 9.0 and heated in a Pascal pressure
cooker (125°C for 1 min). Nonspecific sites were blocked with
5% bovine serum albumin (BSA) in phosphate buffer saline
(PBS) for 30 min at room temperature. The specimens were
incubated overnight at 4°C with rabbit polyclonal anti-human
collagen type I (Col I; 1:700; Rockland, Inc., Limerick,
Pennsylvania), anti-human collagen type III (Col III; 1:200;
Rockland., Limerick, Pennsylvania), and anti-human collagen
type V (Col V; 1:1000; Rockland Inc., Limerick, Pennsylvania)
antibodies diluted in 0.01% BSA associated which monoclonal
anti-human a-smooth muscle actin (AML;1:100; Dako
Cytomation - clone 1A4 - cod. M0851 - Denmark) and
monoclonal anti-human Vimentin (Vim; 1:100; Novocastra-
clone V9- cod. NCL-L-VIM-09 Newcastle –UK) to characterize
CAFs. These lung sections were then washed in PBS with Tween
20 at 0.05% and incubated for 60 min at room temperature with
Alexa 488-conjugated goat anti-mouse IgG (1:200, Invitrogen,
Eugene, OR, USA) and Alexa 488-conjugated goat anti-rabbit
IgG (1:200, Invitrogen, Eugene, OR, USA). For negative and
autofluorescence controls, the sections were incubated with PBS
and normal rabbit or mouse serum instead of the specific
antibody. The nuclei were counterstained with 0.4 mM/ml
4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI;
Molecular ProbesTM, Invitrogen, Eugene, OR, USA) for 15 min
at room temperature. Finally, the specimens were mounted in
buffered glycerol and their images were visualized in an
immunofluorescence microscopy (OLYMPUS BX51).

QuPath Immune Matricellular Score
To measure the IHC expression of each different marker and
quantify protein expression, the TMA slides were digitally
scanned at ×40 magnification using a Panoramic 250 whole
August 2021 | Volume 12 | Article 714230
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slide scanner (3DHistech, Budapest, Hungary). To calculate the
immune matricellular score, the stained TMA sections were
analyzed using a modified and adapted methodology in software
QuPath (version 0.2.1; Centre for Cancer Research & Cell
Biology, University of Edinburgh, Edinburgh, Scotland),
performed recently by our group to evaluate immune
matricellular components in malignant mesothelioma, lung
cancer, and breast cancer (21, 22). The modified methodology in
QuPath facilitated the measures, was less time-consuming, and
reduced intra- and inter-observer differences. In briefly, all cores
were evaluated during the scoring process to manually exclude
invalid cores (less than 10% of tumor per core or artifact).

TMAs were quantified on QuPath using a simple automated,
semi-assisted method. First, each scanned TMA slide was
submitted to a series of automated evaluations: staining vector
analysis, total tissue area detection, tumor separation from non-
tumor areas, and cellular detection. Next, we established the
threshold of positivity for each one of our markers through trial
and error and the cells considered to be positive were submitted
to validation by an expert pathologist before being applied to the
Frontiers in Immunology | www.frontiersin.org 4
full array. Finally, QuPath outputted the number of positive cells
per mm2 of tissue. We refer to low expression as positive cell
density equal to or below the median expression level in the
cohort, and high expression as positive cell density above
this median.

Data Management and Statistical Analysis
For the clinical data, either a Pearson chi-square test or a Fisher’s
exact test was used to compare categorical variables. Differences
in continuous immunohistochemistry variables between the
different histological types of the patients were detected using
Kruskal-Wallis and post-hoc tests, and the significance values
were adjusted by Bonferroni’s correction for multiple tests. Initial
analyses of OS were done using Kaplan-Meier curves and
compared by log-rank test. Final multivariate analyses were
done using the stepwise Cox proportional hazard model
including known variables with implications on prognosis,
such as histologic types and TNM pathological stage, and all
the immune-matricellular variables evaluated. In addition, the
general linear model was used to test the relationship between
FIGURE 1 | Microphotographs of representative examples of the TMAs stained by H&E in lung ADC, SCC, and LCC specimens. Lung tissue was divided into three
comparments: normal tissue, tumor tissue, and intermediate (red lines). ADC, adenocarcinoma; LCC, large cell carcinoma; SqCC, squamous cell carcinoma; TP,
tumor portion; IP, intermediate portion; NP, normal portion. Scale bar: 1 cm.
August 2021 | Volume 12 | Article 714230
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one continuous variable and several others, and the residuals
were examined to ensure that they were approximately normally
distributed. The statistical software program IBM SPSS (version
22; Armonk, NY, USA) performed the computations for all
analyses. P-value < 0.05 was considered significant.
RESULTS

Clinicopathologic Characteristics of the
Study Cohort
Table 1 summarizes the demographic and clinicopathological
features of patients. The median age of patients was 65 years
(range, 30–88 years). Sixty-six patients were male (55%), and 54
were female (45%). Most patients were either smokers or former
smokers (79.8%), and the median smoking load of these patients
was 53.9 packs/year (range, 1.5–150).

The tumors were histologically classified as an adenocarcinoma
in 73 patients (60.8%), a squamous cell carcinoma in 40 patients
(33.3%), anda largecell carcinoma in7patients (5.8%).Pathological
examinations of the surgically resected lung tissue confirmed 47
patients in stage I (39.2%), 27 in stage II (22.5%), 42 in stage IIIA
(35.0%), and 4 patients who upgraded to stage IV (3.3%).

Early NSCLC disease was detected in the large majority of
cases—29 were identified as a T1 stage (24.2%) and 62 as a T2
stage (51.7%). Additionally, we detected N0 stage in 80 patients
(66.7%) and M0 in 65 of them (58.0%). Conversely, among the
advanced NSCLC cases, 23 were T3 stage (19.2%), and 6 were T4
stage (5.0%), 24 were N1 stage (20.0%), 16 were N2 stage
(13.3%), and 47 were M1 stage (42%). In decreasing order of
frequency, brain metastases occurred in 22 patients (19.6%),
bone and pleura occur in 6 patients, each 1 (5.4%), contralateral
lung in 5 (4.5%), liver in 3 (2.7%), kidney in 2 (1.8%), and breast
and spine in 1 patient each (0.9%). Disease recurrence occurred
in 15 patients (13.3%).

Fifty-five patients (45.8%) received adjuvant chemotherapy,
whereas 32 patients (26.7%) received brain radiotherapy. During
the follow-up (mean, 40.7 months; range, 0–126 months), 63
patients (53.8%) died due to widespread metastases, evidence
that some NSCLCs developed occult spread beyond the lung
even after “curative” surgical resection. Our next step was thus to
explore which tumors are destined to relapse and metastasize,
and whose patients could benefit from adjuvant therapy and
perhaps eradicate any residual tumor.

Qualitative and Quantitative
Characterization of Functional
Immune Cells
As expected, quantification showed that the most prevalent
immune cellular proteins in this NSCLC cohort were T cells
CD3+ (median, 278.50 cell/mm2; interquartile range (IQR),
504.99 cell/mm2), cytotoxic T cells [CD8+ (median, 217.38 cell/
mm2; IQR, 417.23 cell/mm2), and Granzyme B (median, 6.19 cell/
mm2; IQR, 19.50 cell/mm2)]. We also observed the presence of
immune checkpoints PD-L1 (median, 0.37 cell/mm2; IQR,
2.84 cell/mm2), LAG-3 (median, 95.33 cell/mm2; IQR,
Frontiers in Immunology | www.frontiersin.org 5
308.70 cell/mm2), CTLA-4+ (median, 227.50 cell/mm2; IQR,
186.39 cell/mm2), and VISTA 1 (median, 52.86 cell/mm2; IQR,
144.85 cell/mm2), as well as macrophages CD68+ (median,
TABLE 1 | Demographic and clinicopathologic characteristics of the patients
(N = 120).

Characteristics Number (%) of patients

Gender
Male 66 (55.0%)
Female 54 (45.0%)
Age (years)
Median (range) 65 (30–88)
≤65 64 (53.3%)
>65 56 (46.7%)
Smoke statusa

Smoker/former-smoker 71 (79.8%)
Non-smoker 18 (20.2%)
Smoking load (pack/years)
Mean (range) 53.9 (1.5–150)
Histological subtypes
Adenocarcinoma 73 (60.8%)
Squamous cell carcinoma 40 (33.3%)
Large cell carcinoma 7 (5.8%)
Tumor size (cm)
Mean (range) 4.46 (1–13)
T stage†

T1 29 (24.2%)
T2 62 (51.7%)
T3 23 (19.2%)
T4 6 (5.0%)
N stage†

N0 80 (66.7%)
N1 24 (20.0%)
N2 16 (13.3%)
M stagea†

M0 65 (58.0%)
M1 47 (42.0%)
Pathological stage†

I 47 (39.2%)
II 27 (22.5%)
IIIA 42 (35.0%)
IV 4 (3.3%)
Metastases sitea

Brain 22 (19.6%)
Bone 6 (5.4%)
Pleura 6 (5.4%)
Lung 5 (4.5%)
Liver 3 (2.7%)
Kidney 2 (1.8%)
Breast 1 (0.9%)
Spine 1 (0.9%)
Recurrencea 15 (13.3%)
Adjuvant treatment
Chemotherapy
No 65 (54.2%)
Yes 55 (45.8%)
Radiotherapy
No 88 (73.3%)
Yes 32 (26.7%)
Statusa

Death 63 (53.8%)
Follow up (months)
Mean (range) 40.7 (0–126)
August 2021 | Vo
aSome cases had missing follow-up information: smoke status (31); M stage (8);
Recurrence (7); Metastases site (8); Status (3).
†8th Edition International Association for the Study of Lung Cancer (18).
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225.78 cell/mm2; IQR, 107.62 cell/mm2), regulatory T cells CD4+
(median, 98.32 cell/mm2; IQR, 310.50 cell/mm2), FOXP3+
(median 127.00 cell/mm2; IQR, 109.47 cell/mm2), NK cells
CD57+ (median 116.55 cell/mm2; IQR, 149.42 cell/mm2), and
B lymphocytes CD20+ (median, 154.18 cell/mm2; IQR, 359.69
cell/mm2) (Supplementary Table S1).

Figure 2 shows the immune cell mapping according to
histologic subtypes, in immune stained sections containing
normal tissue (A to F, and A2 to F2), and tumor tissue and
tumor intermediate portion (G to W, and G2 to W2). Overall,
the amount of cytotoxic T cells CD8+, TILs CTLA-4+, and
macrophages CD68+ was prominent in the tumor tissue than
in the normal tissue and intermediated portion of the tumor, as
were the amount of LAG-3, CTLA-4+, macrophages CD68+, and
NK cells CD57+, while malignant PD-L1 cells were moderately
distributed. Observing the Figure 2, according to histotypes, T
cells CD3+ and cytotoxic T cells (CD8+, Granzyme B) were more
prominent in LCC compared to adenocarcinoma and squamous
cell carcinoma, whereas macrophages CD68+ and VISTA1
predominated in adenocarcinoma and squamous cell
carcinoma compared to large cell carcinoma.

The immune cell mapping coincided with the quantification
of TILs (Supplementary Table S2; Kruskal-Wallis’ test). A
significant difference was found between histologic subtypes
and cytotoxic T cells CD8+ (P = 0.034), TILs CTLA-4+ (P =
0.012), and macrophages CD68+ (P < 0.001) (Figure 3). We
observed a statistical difference in the distribution of cytotoxic T
cells CD8+ and TILs CTLA-4+ between adenocarcinomas and
large cell carcinomas (P = 0.034 and P = 0.024, respectively),
whereas the distribution of macrophages CD68+ differed both
between adenocarcinomas and large cell carcinomas (P = 0.007)
and adenocarcinomas and squamous cell carcinoma (P = 0.005).

We then investigated whether distinct TILs barriers could be
identified in the tumor and intermediate portions. Our analysis
showed that the further frommalignant cells, the number of TILs
phenotypes was higher. We also identified two distinct functional
immune-cellular barriers—the first, involving tumor portion,
showed proximity between malignant cells and T cells, and the
second, relating to intermediate portion of the tumor, showed
distant proximity between non-cohesive nests of malignant cells
and T cells. When we assessed the distribution pattern of specific
key TILs phenotypes, the first immune-cellular barrier coincided
with a higher presence of CD3+, CD8+, PD-L1, and CTLA-4
(Figures 2G, M, S; H, N, T, J, P, V, L, R, W), whereas the second
barrier involved the presence of regulatory T cells (CD4+ and
FOXP3+) at a lower frequency than that of their cytotoxic T-cell
counterparts (Figures 2I2, O2, U2; J2, P2, V2). We observed
that these two barriers of immune cellular distribution were
frequently repeated and that regulatory T cells work as a fragile
barrier compared to that of their cytotoxic T-cell counterparts.
Associations Between Functional
Immune Cells
A heatmap was constructed to illustrate the correlations between
the expressions of the immune cells (Figure 4, Spearman’ test).
Frontiers in Immunology | www.frontiersin.org 6
The best correlation (strong correlation, r ≥ 0.6) was observed
between T cells CD3+ and B lymphocytes CD20+ (r = 0.655, P =
0.000). However, we also observed other important correlations
(0.5 ≥ r > 0.59), as follows: T cells CD3+ and cytotoxic T cells
CD8+ (r = 0.591, P = 0.000), T cells CD3+ and cytotoxic T cells
Granzyme B (r = 0.539, P = 0.000), T cells CD3+ and TILs LAG-3
(r = 0.538, P = 0.000), T cells CD3+ and regulatory T cells FOXP3
(r = 0.574, P = 0.000), cytotoxic T cells CD8+ and B lymphocytes
CD20+ (r = 0.520, P = 0.000), and cytotoxic T cells Granzyme B
and TILs LAG-3 (r = 0.516, P = 0.000). Many other correlations
were considered as moderate correlations (Figure 4, 0.3 ≥ r >
0.59). In contrast, except for the weak negative correlation
between cytotoxic T cells CD8+ and malignant cells PD-L1 that
presented statistical significance (r = -0.210, P = 0.036), none
other negative correlation was statistically significant.
Qualitative and Quantitative
Characterization of Matricellular
Mechanical Proteins
For collagen types, the quantification showed that Col III was the
dominant protein associated with matricellular barrier (median,
24.89 fibers/mm2; IQR, 11.15 fibers/mm2), followed by Col V
(median, 13.18 fibers/mm2; IQR, 8.20 fibers/mm2), Col I
(median, 2.54 fibers/mm2; IQR, 2.71 fibers/mm2), and CAFs
actin+/vimentin+ (median, 12.39 fibers/mm2; IQR, 7.23 fibers/
mm2). As expected, these four protein types prevailed in the
TME and were equally distributed between adenocarcinomas,
squamous cell carcinomas, and large cell carcinomas
(Supplementary Table S1).

Figure 5 shows the matricellular mapping according to
histologic subtypes, in immune stained sections visualized
under fluorescence, and containing normal tissue (A to F), and
tumor tissue and tumor intermediate portion (G to W, and A2 to
R2, respectively). Overall, the amount of Col I, Col III, Col V, and
CAFs was similar in normal portion, tumor, and intermediate
portion of the three histotypes. However, the Col I, III, V, and
CAF phenotypes were different among adenocarcinomas,
squamous cell carcinomas, and large cell carcinomas. Under
immunofluorescence, adenocarcinomas exhibited a focal red
birefringence of Col I (Figure 5J) and Col V (Figure 5L) and a
diffuse strong red birefringence of Col III fibers (Figure 5E).
Their collagen fibers were organized in a dense but irregular
fibrillary pattern—while Col I and Col III fibers surrounded
groups of malignant glands, Col V fibers enveloped malignant
cells individually. In squamous cell carcinomas, the
immunofluorescence showed a weak red birefringence of Col I
(Figure 5P), III (Figure 5Q), and V (Figure 5R) fibers, which
either surrounded layers of squamous malignant cells in a focal,
irregular fibrillar pattern (Col I and III) or were organized
around individual malignant cells (Col V). Finally, in large cell
carcinomas, we observed an equally dense and strong red
birefringence of Col I (Figure 5V), III (Figure 5X), and V
(Figure 5W) fibers under immunofluorescence, forming an
irregular texture of thin fibers and individual large groups of
malignant cells. Conversely, CAFs actin+/vimentin+ exhibited a
August 2021 | Volume 12 | Article 714230
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green birefringence in the immunofluorescence and assumed a
very similar distribution to that of Col I, III, and V in all three
histological NSCLC types.

We also identified three tumor-associated collagen barriers
(TACB) corresponding to different levels of collagen fibers’
Frontiers in Immunology | www.frontiersin.org 7
reorganization to locate and characterize malignant cells. In
the first TACB, we observed a localized increase in CAFs and a
low deposition of Col without obvious orientation near the
malignant cells. This barrier was also characterized by a
homogeneous distribution but low proximity between the
FIGURE 2 | Microphotographs of representative examples of the 12 immune markers in lung ADC, SqCC, and LCC specimens, divided into three compartments:
normal tissue (A–F, A2–F2), tumor tissue, and intermediate tissue (G–W, G2–W2). Arrows indicate cells expressing each immune marker (brown). (A–F, A2–F2) In
control tissue, focal TLIs along of the alveolar septa are visible expressing the immune markers. (G–W) In tumor tissue, note the moderately expression of CD3+,
CD8+, PD-L1, LAG-3 and CTLA-4+ by tumor and stromal TILs of ADC, SqCC, and LCC. (G2–W2) inferior panel showing a strong expression of CD68+, CD57+ and
FOXP3+, and a moderate expression of CD20+ and VISTA 1. (C, I, O, U) No notable staining for Granzyme B was observed in TILs of the control and tumor tissue.
ADC, adenocarcinoma; LCC, large cell carcinoma; SqCC, squamous cell carcinoma; GrB, Granzyme B; PD-L1, programmed death ligand 1; LAG-3, lymphocyte
activating gene 3; CTLA-4+, Cytotoxic T-Lymphocyte Associated Protein 4; FOXP3+, Fork head box protein P3; VISTA 1, V-domain Ig suppressor of T cell
activation. Scale bars: X400, 50 μm.
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FIGURE 3 | Box plots of differentially expressed immune proteins among histological subtypes. Only the cytotoxic T cells CD8+ (A; P = 0.034; Adjusted P-value
[ADC-LCC] = 0.034), the immune-checkpoint CTLA-4+ (B; P = 0.012; Adjusted P-value [ADC-LCC] = 0.024), and the macrophages CD68+ (C; P < 0.001; Adjusted
P-value [ADC-SqCC] = 0.005, and Adjusted P-value [ADC-LCC] = 0.007) presented significative difference between NSCLC subtypes. The y-axis was shown on the
log scale. The association between immune cells and histological types was calculated by the non-parametric Kruskal-Wallis test. The horizontal bars represent the
statistical difference between groups; the pairwise comparison was adjusted by Bonferroni’s correction for multiple tests (Adjusted P-value). (*) was used when P >
0.05, and (**) was used when P ≥ 0.01. ADC, adenocarcinoma; LCC, large cell carcinoma; SqCC, squamous cell carcinoma; CTLA-4, Cytotoxic T-Lymphocyte
Associated Protein 4.
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malignant cells and the Col fibers and CAFs. Next, in the second
TACB, the collagen fibers were aligned in parallel to the tumor
border, thus suggesting a moderate barrier between the
malignant cells and the Col fibers and CAFs. Finally, in the
third TACB, a high amount of Col fibers and CAFs were bundled
and aligned perpendicularly to the tumor border, a sign of
prominent barrier between these proteins and malignant cells.

When we assessed the distribution pattern of specific Col and
CAF phenotypes, the Col I fibers coincided with the second
TACB, while Col III coincided with the third TACB, which
suggests that these Col types might be stronger malignant cells
barrier (Figures 5D2, J2, P2). Col V fibers and CAFs, on the
other hand, were found at a lower frequency than their Col I and
Col III counterparts and coincided with the first TACB, thus
suggesting that these fibrillar proteins work as fragile malignant
cells barrier (Figures 5L2, R2). As with the TILs barriers, here
also the three signatures of matricellular distribution were
recurrent and showed that Col V and matched CAFs fibers
work as an inverse barrier to that of their Col I and Col III
equivalents, impacting their level of proximity with malignant
cells in opposite ways. Overall, this suggested that Col I and III/
CAFs works as effective barrier against malignant cells, thus
Frontiers in Immunology | www.frontiersin.org 9
hindering invasion of TME and metastases, whereas Col V/CAFs
exhibited an unproductive barrier against malignant cells, thus
favoring TME invasion and metastases.

Association Between Mechanical
Matricellular Proteins and Functional
Immune Cells
Table 2 shows the correlation between collagen types and
matched CAFs with immune cells. A negative correlation was
found between Col I and TILs VISTA 1 (r = -0.188; P = 0.040), as
well as Col V and NK cells CD57+ (r = -0.193; P = 0.035). In
contrast, a positive correlation was found between Col III and T
cells CD3+ (r = 0.367; P = 0.001), Col III and TILs LAG-3 (r =
0.218; P = 0.017), Col III and cytotoxic T cell Granzyme B (r =
0.270; P = 0.003), regulatory T cells CD4+ (r = 0.215; P = 0.018),
and macrophages CD68+ (r = 0.205; P = 0.025). CAFs were
positively correlated with cytotoxic T cell Granzyme B (r =
0.219; P = 0.016), Col III (r = 0.278; P = 0.002), and Col V (r =
0.475; P = 0.000). We also observed a positive correlation
between Col III and Col V (r = 0.263; P = 0.004). These
findings can suggest that Col I, Col III, and CAFs are an
effective barrier against malignant cells and prevent invasion of
FIGURE 4 | Correlation between immune proteins expressed in NCLSC. The heat-maps presented the correlation values. The superior heat-map presents the
results for Spearman’s rho, and the bottom heat-map presents the equivalent P-values (Spearman’s test).
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TME and metastases, whereas Col V is a useless barrier against
malignant cells and favors TME invasion and metastases.

Association Between Immune
Matricellular Barriers and TNM Stage
The level of staining for immune matricellular-associated
barriers was significantly associated with factors related to the
stage of the tumor. The general linear model analysis
Frontiers in Immunology | www.frontiersin.org 10
demonstrated that staining for T cells (CD3+) and malignant
cells PD-L1 were associated with the overall stage (P = 0.019),
whereas TILs LAG-3 and CTLA-4+, NK cells (CD57+), and
macrophages (CD68+) were associated with the presence of T2
tumor stage (P = 0.04, P = 0.01, P = 0.01, and P = 0.003;
respectively). The statistical significance of these relationships
was seen not only in their individual univariate analyses, but also
under a multivariable model. However, we found no association
FIGURE 5 | Immunofluorescent staining of representative examples of the four matricellular markers in lung ADC, SqCC, and LCC specimens, divided into three
compartments: normal tissue (A–F), tumor tissue, and intermediate tissue (G–W, A2–R2). Arrows indicate cell and fibers expressing each matricellular marker (blue,
DAPI; Col fibers, red; CAFs, green; merge CAFs and Col). (A–F) In normal lung tissue, green birefringence of Col types are visible expressing along of the alveolar
septa. (G–W) In tumor tissue, note a similar red birefringence of Col types in the stroma of the three histotypes. (A2–R2) Intermediate portion of the tumor showing a
strong green birefringence of CAFs and red birefringence of Col types. Note the colocalization of CAFs and Col types in the stroma of the intermediate portion of the
tumor. Arrows: Col fibers; asterisks: CAFs. ADC, adenocarcinoma; LCC, large cell carcinoma; SqCC, squamous cell carcinoma; Col I, collagen type I; Col III,
collagen type III; Col V, collagen type V; CAFs, cancer-associated fibroblasts. Scale bars: X400, 20 μm.
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between N stage and these proteins. Figure 6 uses six plots to
demonstrate the relationships between the staining for immune
matricellular-associated proteins and T stage (Figures 6A–D), or
overall stage (Figures 6E, F). The six box plots show a relatively
weak relationship between protein expression and stage factors.
Survival Analysis
We then evaluated the impact of these proteins on survival,
controlled for TNM stage. Before elaborating the multivariate
model, we tested the variables using Cox’s univariate model (see
Supplementary Table S3). Next, in the multivariate model, our
first examination was performed in patients who had pathological
stage I, II, and III tumors. We conducted a stepwise multivariate
Cox regression analysis where we inputted variables with known
impact on prognosis, such as histologic types and TNM
pathological stage, and then added all the immune-matricellular
variables that were being assessed. Table 3A brings the results of
the multivariate model analysis. Just two variables were
significantly associated with survival time—pathological stage
and staining of the tumor for Col III—which were then used as
a categorical variable. Once these two variables were accounted
for, none of the others showed any association to survival. For
instance, although we found that individual T and N stages were
significantly related to survival time in the absence of Col III (P
ranging from 0.017 to 0.028), when Col III was present as a
covariate, this relationship became much stronger. Given that the
median density of Col III fibers in our cohort was 24.89 fibers/
mm2, we found a tendency that separated patients into two groups
with distinctly different average survival times as illustrated by the
top Kaplan-Meier plot in Figure 7A. The top curve represents
patients expressing >24.89 Col III fibers/mm², whose median
survival time after surgery was quite long (64.7 months). By
Frontiers in Immunology | www.frontiersin.org 11
contrast, those with ≤24.89 fibers/mm², seen in the bottom
curve, had a median survival time of 59.6 months after surgery
(P = 0.08 by Breslow test).

Subsequently, we examined the importance of immune
matricellular-associated barrier to survival only in patients who
had progressed to pathological stage IV (Table 3B). In this
scenario, after controlling for the pathological stage, it was T
cell (CD3+) and immune checkpoint (VISTA 1) densities which
significantly related to survival (P = 0.004 and P = 0.016,
respectively). Their median values were 278.5 cells/mm2 for
CD3+ and 52.86 cells/mm2 for VISTA 1, and although there is
no biologically distinctive cut point in CD3+ and VISTA 1, we
chose these median values as a practical way to examine the
outcome of stage IV patients. We found a tendency that these
mean values separated these patients into two groups with
distinctly different average survival times, also seen in
Figure 7. The group with ≤ 52.86 cells/mm² VISTA 1 appears
as the top curve in the second Kaplan-Meier plot, and their
median survival time was 64 months. By contrast, those
with >52.86 cells/mm² VISTA 1 (bottom curve) had a median
survival time of 53 months (P = 0.06 by log-rank test). CD3+
values are seen in the bottom plot, whose top curve represents
the group with CD3+ > 278.5 cells/mm² and their median
survival of 88.7 months, whereas the group with CD3+
values ≤ 278.5 cells/mm² appears as the bottom curve and
their median survival was just 57.3 months (P = 0.036 by log-
rank test).
DISCUSSION

Clearly, examining the clinicopathologic characteristics of our
study cohort of patients, we noticed that the probable reason that
TABLE 2 | Correlation between immune cells, collagen types, and cancer-associated fibroblasts (N = 120; Spearman correlate, P < 0.05).

Col I Col III Col V CAFs

r P-value r P-value r P-value r P-value

T cells CD3+a -0.004 0.975 0.367 0.001 0.060 0.610 0.051 0.667
Cytotoxic T cells CD8+a 0.067 0.470 -0.065 0.481 -0.065 0.479 0.033 0.720
Cytotoxic T cells Granzyme B -0.098 0.289 0.270 0.003 0.058 0.531 0.219 0.016
Malignant cells PD-L1 0.108 0.285 0.122 0.227 0.179 0.074 0.076 0.451
TILs LAG-3 -0.087 0.343 0.218 0.017 0.011 0.904 0.130 0.157
TILs CTLA-4+a -0.045 0.624 -0.121 0.192 0.028 0.766 -0.046 0.616
Macrophages CD68+ 0.156 0.089 0.205 0.025 -0.058 0.530 0.061 0.508
Natural killer cells CD57+ 0.013 0.891 0.082 0.374 -0.193 0.035 -0.039 0.673
Regulatory T cells CD4+ 0.045 0.629 0.215 0.018 0.057 0.534 0.144 0.116
Regulatory T cells FOXP3 -0.046 0.621 0.099 0.284 0.089 0.336 0.032 0.725
B Lymphocytes CD20+ -0.029 0.755 -0.039 0.675 -0.102 0.269 -0.068 0.462
TILs VISTA 1 -0.188 0.040 0.090 0.328 0.003 0.975 -0.002 0.981
Col I – - 0.090 0.330 -0.078 0.397 -0.035 0.708
Col III 0.090 0.330 – – 0.263 0.004 0.278 0.002
Col V -0.078 0.397 0.263 0.004 – – 0.475 0.000
CAFs -0.035 0.708 0.278 0.002 0.475 0.000 – –
August 2021 | Vo
lume 12 | Article
aMissing information: CD3+ (46); CD8+ (1); PD-L1 (20); CTLA-4+ (1).
TILs, tumor infiltrating lymphocytes; PD-L1, programmed death ligand 1; LAG-3, lymphocyte activating gene 3; CTLA-4+, Cytotoxic T-Lymphocyte Associated Protein 4; FOXP3, Fork
head box protein P3; VISTA 1, V-domain Ig suppressor of T cell activation; Col I, collagen type I; Col III, collagen type III; Col V, collagen type V; CAFs, cancer-associated fibroblasts.
Bolded values refer to a P-value with statistical significance (P < 0.05).
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surgery resection fails to cure some patients with early-stage
NSCLC is because of micrometastases that have not yet been
detected by either routine imaging or routine pathological
analysis. In fact, examinations of the surgically resected lung
tissue confirmed 96% of the patients in the early stage. Among
Frontiers in Immunology | www.frontiersin.org 12
these, 34% developed systemic metastases during follow-up and,
13% presented disease recurrence. Therefore, the question of
A B

D

E F

C

FIGURE 6 | Box plots demonstrating the relationships between immunostaining for immune cells, tumor T stage, and overall stage. LAG-3 and T stage (A), CTLA-4+ and
T stage (B), natural killer cells CD57+ and T stage (C), macrophages CD68+ and T stage (D), and CD3+ and overall stage (E), as well as PD-L1 (F). The solid bars represent
the number of immune cells between the 25th and 75th percentiles; the black bar shows the median value; and the top and bottom brackets show the extreme values.
TABLE 3A | Cox proportional hazard model analysis of survival time, controlled
for tumor pathological stages I, II, and III.

Variable Coefficient SE P-value

Stage
I -1.929 0.732 0.008
II 0.081 0.599 0.002
III (reference)
Collagen type III
>24.89 fibers/mm2 -0.120 0.037 0.001
≤24.89 fibers/mm2 (reference)
SE stands for the standard error of the coefficient.
Bolded values refer to a P-value with statistical significance (P < 0.05).
TABLE 3B | Cox proportional hazard model analysis of survival time, controlled
for tumor pathological stage IV.

Variable Coefficient SE P-value

Stage
I -2.658 1.132 0.019
II -0.094 1.095 0.409
III -1.746 1.157 0.131
IV (reference) 0.003
T cells (CD3+)
>278.5 cells/mm2 -1.391 0.491 0.005
≤278.5 cells/mm2 (reference)
Immune checkpoint (VISTA 1)
≤52.86 cells/mm2 1.057 0.438 0.016
>52.86 cells/mm2 (reference)
Au
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SE stands for the standard error of the coefficient.
Bolded values refer to a P-value with statistical significance (P < 0.05).
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FIGURE 7 | Kaplan-Meier plots of survival probability versus follow-up time in months in those patients with pathological early (A) and advanced stage disease
(B, C). (A) Col III in early disease patients showing better survival for patients with high Col III expression. (B) Immune checkpoint VISTA 1 in advanced stage
patients, showing better survival for patients with low VISTA 1 expression. (C) T cells CD3+ in advanced stage patients, showing better survival time for patients with
high CD3+ expression.
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interest is whether additional, more technological and biological
information gathered from either the tumor tissue or its milieu to
be integrated with the classic TNM stage classification can help
us to improve risk stratification and patient selection for
adjuvant systemic treatment.

The development of cancer cell invasion andmetastases certainly
encompasses a series of complex, sequential stages, but among these,
the TME is thought to be important because tumor-reprogrammed
lung microenvironment promotes both primary lung tumors and
metastases by contributing mainly with mechanical and functional
barriers (5). Inparticular, immunecell infiltration canbe restrictedby
multiple barriers in immune privilege landscape. These may
comprise physical or mechanical barriers created by TME
combined with different initiating cell types, including cancer-
associated fibroblasts (CAFs) and matricellular collagen types, or
functional barriers created by immunosuppressive molecules
including PD-L1, LAG-3, CTLA-4, and VISTA 1 (23). Therefore,
in order to understand the relationship between immune-
matricellular barriers and metastatic process, we used a two-stage
design. First, we used IHC and IF respectively to characterize
immune phenotypes, CAFs, and fibrillar collagen types in TME of
adenocarcinomas, squamous cell carcinomas, and large cell
carcinomas histological subtypes. Second, we examined the clinical
associationbetween the immune-matricellularbarriers inTMAfrom
120 patients with surgically excised NSCLC. We provide new
evidence that NSCLC cells can express matricellular proteins with
known mechanical barrier function, and that expression of those
proteins demand prominent immune signatures and with
significantly longer overall patient survival.

While most of the studies evaluated immune cells only in the
tumor tissue portion, we described the tumor immune
microenvironment as a whole at the normal tissue, tumor
intermediate portion, and tumor tissue. Another main innovative
feature of our study was the description of the relationship between
immune-matricellular barriers with TNM stage and risk of death.
Overall, we showed that immunosuppressive factors present in the
intermediate portion of TME such as regulatory T cells created a
functional barrier against T cells infiltration, enhanced by lack of
activated T cells CD8, and demand of immunosuppressive
checkpoints in tumor portion barrier, thus facilitating tumor
progression. We also found that the functional barrier between
immune cells and malignant cells was also reinforced by tumor-
associated collagen mechanical barrier corresponding to different
levels of collagen fibers reorganization to locate and characterize
malignant cells. In this scenario, we inferred thatCol I and III/CAFs
also have a high chance to create a mechanical barrier against
malignant cells and prevent the invasion of the TME, whereas Col
V/CAFs has a low chance of creating a mechanical barrier favoring
TME invasion. In fact, while high density of collagen type III was
associated with tumors in early stage and better survival rates,
tumors expressing high levels of VISTA 1 and low levels of CD3+
identified patients who had progressed to pathological stage IV and
presented a poor survival. However, there are some major points,
which need to be addressed, as discussed below.

The first important question to discuss is about the
significance of the presence of immune cell infiltration for the
Frontiers in Immunology | www.frontiersin.org 14
interaction between collagen types and malignant cells. In short,
it is well recognized that macrophages infiltrate the TME in
response to tumor-secreted chemotactic signals and exhibit a
tumor-supportive phenotype similar to the M2 phenotype (25).
These activated macrophages (termed M2) are stimulated
primarily by the Th2 cytokines IL-4 and IL-13 and facilitate
ECM remodeling, blood vessel formation, and dampen immune
activation by secreting cytokines such as IL-10 and TGF-b (25).
On the other hand, the collagen distribution and CAFs in the
TME contribute to mechano-immunomodulation, which can
influence immune cells activation, including macrophages (26).
In this way, matrix stiffness activates integrin signaling on
macrophages in the TME, resulting in integrin clustering and
focal adhesion signaling (27, 28). Collagen types in malignant
tissue joint their action with various groups and degrees of
myeloid-lineage immune cells , including mast cells,
macrophages, and neutrophils, and lymphocytes, including T
cells and B cells, to compose mechanical and functional TME
barriers with differences in cancer progression (29). For instance,
TME barriers in pancreas cancer were categorized as inert,
dormant, fibrogenic, or fibrotic based on fibroblasts a-smooth
muscle actin (CAFs), Col I and Col III expression; these
divergent TME alignments individually influence the amount
of CD4+T cells, CD8+T cells, macrophages, and neutrophils (30).
Increased infiltration of macrophages CD68+ and CD3+ was also
described in subcutaneous adipose collagen in gastrointestinal
cancer patients with cachexia (31). In breast cancer, increased
Col Xa1 in TME joint its action with the low number of total
TILs in ER-positive/EGFR2-positive breast cancer (24).

In the present work, we identified three tumor-associated
matricellular barriers: the first, with a localized increase in
CAFs and a low deposition of Col V without obvious
orientation near the malignant cells, the second with increased
CAFs and Col I fibers aligned in parallel to the tumor border, and
the third with increased CAFs and Col III bundled and aligned
perpendicularly to the tumor border, suggesting that these Col
types might be stronger malignant cells barrier compared to the
fragile Col V counterparts. These results contribute to previous
works that have demonstrated that the alignment of the fibrillar
components of the ECM has a strong influence on the direction
and speed of migrating cells (32). In experimental models,
malignant cell invasion was shown to be more precise through
engineered in vitro frames of linear Col I and Col III than through
disorganized frames (33). In vivo, local tumor cell invasion was
oriented along radially aligned TACS which have been described
to locate and characterize tumors (34). When we assessed the
distribution pattern of specific key TILs phenotypes, the first
immune-cellular barrier coincided tumor portion exhibiting a
higher presence of CD3+, PD-L1, LAG-3, CTLA-4, VISTA-1,
macrophages, and NK cells, whereas the second immune-cellular
barrier involved tumor intermediate portion with the presence of
regulatory T cells (CD4+ and FOXP3+). Despite being loyal
managers of chemical signals, immune cells and their effectors
also employ the molecular sensors of stiffness in response to
malignant cells. Recruitment of immune cells and adherent CAFs
and directional migration from softer to stiffer regions of the
August 2021 | Volume 12 | Article 714230
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matricellular has been proposed to be a key factor of cancer
dissemination (35, 36).

Remarkably, it is important to highlight that we found a low
number of CD8 Granzyme B cells compared to CD8+ cells in the
tumor portion. This observation raises the possibility that in our
cohort, most CD8 cells were naïve or inactivated by LAG-3 or
TIM3 and promoted a less suppressive immune barrier. We
inferred that, on T cells, LAG-3 reduced cytokine and Granzyme
production and proliferation while encouraging differentiation
into T regulatory cells as previously reported (37, 38). This
finding is relevant as recently demonstrated by Zhou and
colleagues (39) as far as LAG-3 upregulation after EGFR-TKI
failure in advanced NSCLC, suggesting the rational use of LAG-3
inhibitors in advanced NSCLC patients with EGFR mutation.
Although cytotoxic T cells were the subpopulation of TILs
observed closest to the tumor cells in our NSCLC cohort; other
TILs, such as CD4+, macrophages, NK cells, and B lymphocytes,
were also found in proximity to the malignant cells. Although we
have not investigated dendritic cells in the present work, it is
worth remembering that different types of dendritic cells
are important to mount an immune reaction (antigen
presentation)—if this fails or is inhibited by some types of
dendritic cells, the presence of other lymphocytes has no
meaning as an effective barrier—excluding NK cells (40–43).

We also found a discrepancy between CD4+ cells and FOXP3+
cells. We inferred that this discrepancy is related to other cells,
which theoretically also express FOXP3, such as CD8+ T-cell
subsets, commonly termed CD8+ regulatory T cells, which have
been demonstrated to express FOXP3 (28). In addition, some data
indicate that FOXP3 could be expressed by some non-lymphoid
cells, in particular epithelial cells (27). This was reported to be the
case in breast and prostate cancer in particular, where FOXP3
expression was found in normal epithelial cells and its
downregulation was related to cancer development. In contrast,
FOXP3 was found highly expressed in tumor cells than in
corresponding epithelial cells, being proposed its involvement in
the biology of cancer. Furthermore, FOXP3 protein expression
was detected by immunohistochemistry and western blot in
human parenchymal cells from cervical esophageal cancer (27,
44), gastric tumor cells (27, 45, 46), and invasive ductal breast
carcinoma (27, 47). It has already been shown that patients with
low tumor cells FOXP3 expression and high regulatory T cells
count have a significantly worse OS, suggesting that tumor
FOXP3 expression could be used as a high-fidelity prognostic
potential in NSCLC (28). Further studies using double
immunostaining assays are needed to clarify which cell types,
other than regulatory T cells, may be expressing the FOXP3
transcription factor in our cohort of NSCLC.

Taken together, our results suggested that the alignment and
amount of collagen fibers with T cells emphasize a bimodal
cancer progression via distinct signaling barriers. In agreement
with previous studies (48, 49), our findings suggest that a high-
density of Col I and Col III matricellular, rather than a low-
density matricellular, decreases immunosuppressive checkpoints
and regulatory T cells. Spatially aligned collagen fibers and
density around epithelial malignant cells limited the migration
Frontiers in Immunology | www.frontiersin.org 15
of T cells and limited their entry into the tumor mass (50). Other
authors did not find an association between Col I and T cell
deficiency in pancreatic cancer (51). Of note, in our study, a
negative correlation was found between cytotoxic T cells CD8+

and malignant cells PD-L1, and previous reports showed that the
metastatic urothelial cancer response to anti-PD-L1 treatment
involved the movement of CD8+ T cells from the cancer portion
to the collagen-rich intermediate tumor portion (52). Hitherto,
our description of the proximity between malignant cells and
LAG-3, activated CD8, regulatory FOXP3, and macrophages
with Col III suggest that members of the TGF-b pathway may
provide anti-NSCLC-immunity as previously reported by Budhu
and colleagues (53).

Another important question arises about the relationship
between matricellular collagen and PD-1 on NSCLC progression.
Although we did not include PD-1 evaluation in our study design,
clinical studies have shown that tumors presenting abundance in T
cells are more vulnerable to be controlled by PD-1 blockade. In
contrast, tumors in which T cells are present within tumors but not
in contact with malignant cells, are refractory to PD-1 blockade (52,
54). In particular, the fibrotic barrier of desmoplastic tumors can
cause immuno-suppression through multiple mechanisms (55). In
addition, CAFs can have both direct and indirect effects on T cell
infiltration and function (55). Recently, a major role for the TGFb
signaling pathway in promoting T cell exclusion from tumor cells
has been demonstrated. In breast and colorectal mouse tumor
models, neutralizing antibodies against TGFb were shown to
reduce Col I production, incapacitating the T cell excluded profile
and increasing the efficacy of anti-PD-L1 antibodies (52, 56). In
cholangiocarcinoma, an immune mesenchymal subtype has been
identified, which is associated with TGFb signature and poor
tumor-infiltrating cells (57). More recently, an elegant study
done by Nicolas-Boluda and colleagues (58) investigated the
critical determinant of fibrotic tumor progression—the tumor
mechanics—and showed that tumor stiffening reversion through
collagen crosslinking inhibition improves T cell migration and anti-
PD-1 treatment.

Several well-conducted studies in the literature showed that the
relation between the immunologic cell in the TME involves complex
cellular relationships (25–27). Considering our cohort involving
primarily the inflamed tumor-immune phenotype, the
characterization of the dendritic cells (DC) would add important
information to our study. In fact, antigen-presenting dendritic cells
either promote immune attacks by presenting neoantigens to CD8+
T-lymphocytes (conventional DC) or cause immune tolerance by
cooperating with regulatory T cells or by inducing an inflammatory
environment, which promotes tumor invasion and metastases
(plasmocytoid and monocytoid DC) (25). Immune tolerance
induced by regulatory T cells anti-inflammatory cytokines normally
are related to cancer poor prognostic, as these cells inhibit the action
of CD8+ T lymphocytes and NK cells. The plasmocytoid and
monocytoid DC induce differentiation of macrophages into the
tumor-promoting M2 lineage, which are inducing angiogenesis,
promoting tumor growth, invasion, and metastases.

We did not stratify macrophages into M1 (pro-inflammatory;
CD68+/IL12+) and M2 (anti-inflammatory; CD68+/IL10+) as
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previously reported by Popper group (25). It has been shown in
cancer that macrophages infiltrate the TME in response to
tumor-secreted chemotactic signals and exhibit a tumor-
supportive phenotype similar to the M2 phenotype. High
macrophage infiltration has been associated with a poor
prognosis and increased rates of metastasis in several cancer
types, as tumor-associated macrophages can facilitate blood
vessel formation to support expanding tumor growth and aid
tumor cell intravasation into vasculature. According to Brcic
et al. (25) study, alveolar macrophages were predominantly
differentiated into tumor-cooperating M2 types in squamous
cell and adenocarcinomas of the lung, whereas tumoricidal M1
macrophages were absent or rare. Although we have not
evaluated macrophage subtypes, according to the literature, we
believe there is a predominance of the M2 subtype in the NSCLC
samples analyzed in this study. We also found that Col III was
positively correlated with macrophages CD68+ inside of TME, in
agreement with Acerbi and colleagues (59) who reported that the
parallel alignment of collagen deposition was positively
associated with macrophage action. Other reports also stated
that tumor-associated macrophages orchestrate the deposition,
crosslinking, and linearization of collagen fibers, specifically Col
I, Col III, and Col V, at areas of tumor invasiveness (60). Another
important cell type in the matricellular are CAFs. Notable, in the
current study CAFs were positively correlated with cytotoxic
T cell Granzyme B, Col III, and Col V.

Thus, we inferred that collagen-tumor targeting of relevant
structural components of the matricellular was activated to drive
CAFs to synthetize these fibrillar collagen types creating a bimodal
barrier for invasion and metastases (7). The disruption in tissue
homeostasis activates matrix fibroblasts into CAFs to synthetize
collagen (7), which in turn lead to a fibrotic barrier of tumor which
is a major factor in the control and progression of many cancers,
including lung cancer, pancreas, breast, and hepatic carcinomas
(61–63). In this theatrical stage, fibrillar collagen types are the key
players in tumor fibrosis-associated barrier (also called
desmoplasia), which is defined as a fibrotic state characterized
by an excessive synthesis, deposition, and remodeling of fibrillar
collagens surrounding the tumor (64, 65). Collagen represents the
most abundant ECM protein, and collagen I and V deposition
have been associated with increased desmoplasia leading to
increased incidence of tumor formation and metastases (66).
Furthermore, CAFs exert anticancer and cancer-induced effects
to show bimodal influences for cancer progression (67). Whether
it be the increasing action of matricellular stiffening, immune cells,
CAFs, and eventual other actors in this theatrical scenario
recognize that they are of no meaning without the presence of
each other. The relationship between immune cells and
mechanosensitive players strengthens the peak of this dramatic
piece and remains to bring an ever more fascinating plot that has
anything but an ending.

Last but not least, a third important question should be
addressed with respect to why only VISTA1 has impact on
survival. What about other checkpoints? The survival analysis of
our cohort was constructed in two steps. In the first examination,
only patients who had pathological stage I, II, and III tumors were
Frontiers in Immunology | www.frontiersin.org 16
included in a stepwise multivariate Cox regression analysis where
we added all the immune-matricellular variables that were being
assessed. In this model, just two variables were significantly
associated with survival time—pathological stage and staining of
the tumor for Col III, indicating that integrated with the classic
TNM stage classification, Col III can help us to improve risk
stratification and patient selection at early stage for anti-fibrotic
treatment. In the second examination, we tested the predictive value
of the immune-matricellular variables in patients in advanced stage.
In this scenario, only VISTA 1 and CD3+lymphocytes, indicating
that VISTA 1 integrated with the classic TNM stage and density of
CD3 lymphocytes can select patient at advanced stage as candidate
for VISTA as another compensatory inhibitory pathway in NSCLC
after classical immunotherapy.

In conclusion, the present report suggests that there may be
several different phenotypes of inflamed tumor type of immune
reaction, and immune excluded type non-inflamed tumors,
which may explain different mechanisms for T-cell infiltration
and clinical outcome. A better understanding is needed of the
mechanical and biochemical barriers to T-cell infiltration,
maintenance, and function in the TME. Interruption of these
barriers offers the promise of new therapeutic approaches and
potential for combined treatments to get more NSCLC
responsive to immune and/or collagen therapy.
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