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Objective: Lung cancer can spread in numerous ways, one of which has been suggested to be spread through air
spaces (STAS). The tumor immune microenvironment appears to play a significant role in this spread. Particu-
larly, tumor-associated macrophages (TAMs) can create a favorable microenvironment for tumor progression. In
this study, we analyzed data from 709 patients with stage O-IIIA lung adenocarcinoma, resected between 1999
and 2016, and investigated whether immune cell infiltration was associated with the occurrence of STAS and
clinical outcome of the disease.

Materials and methods: Tissue microarrays were constructed, and immunohistochemical analysis was performed
for CD3, CD4, CD8, CD45R0, CD25, CD20, and CD68. The three tumor areas with the highest density of immune
cells were photographed, and the immune cells were quantified. Associations between variables were analyzed
using chi-square tests and Mann-Whitney U tests, Recurrence-free probability and overall survival were analyzed
using log-rank tests and Cox proportional hazards models.

Results: After analyzing the associations between STAS and each type of immune cell infiltration, high density of
CD68 + TAMs was identified as an independent predictor of a high STAS rate (p = 0.014) and was found to be
associated with a high risk of recurrence, using univariate analysis (p = 0.008), After adjusting for CD68+ TAMs,
pathological stage, and lymphovascular invasion, STAS remained significantly associated with a high risk of
recurrence (HR = 3.50, p < 0.001).

Conclusion: We demonstrated that a high density of CD68 + TAMs is an independent predictor of an increased
STAS rate. Additionally, STAS is correlated with aggressive tumor behavior characteristics.

1. Introduction have proposed that STAS may be a result of mechanical artifacts,

including the spread through a knife during specimen section prepara-

Spread through air spaces (STAS) is a spreading phenomenon of lung
cancer, which is defined by the presence of tumor cells within the air
spaces of the lung parenchyma beyond the edge of the main tumor [1].
STAS has received widespread attention since it was defined by Kadota
et al. in 2015 [2]. Although a number of independent studies have
validated STAS as a predictor of recurrence and survival in lung
adenocarcinoma [2-6], the mechanisms underlying the presence of
STAS have not been adequately studied.

The significance of STAS is predominantly due to its value in pre-
dicting the clinical outcomes in patients. However, some researchers

tion [7]. Kadota et al. distinguished STAS from artifacts in the following
way: Tumor floaters were favored by the presence of clusters of cells
often randomly scattered over the tissue and at the edges of the tissue
section. The presence of jagged edges of tumor cell clusters suggested
tumor fragmentation or knife cuts during specimen processing rather
than STAS. In addition, linear strips of cells that were lifted off of
alveolar walls favored the presence of artifact. Identification of tumor
cells distant from the main tumor was regarded as an artifact unless
intraalveolar tumor cells could be demonstrated in a continuum of air-
spaces containing intraalveolar tumor cells back to the tumor edge [2].

Abbreviations: OS, overall survival; RFP, recurrence-free probability; STAS, spread through air spaces; TAMs, tumor-associated macrophages; TILs, tumor-infil-

trating lymphocytes.
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Metovic demonstrated that STAS was not a pathologist-related artifac-
tual event because of knife transportation of tumor cells during gross
specimen handling and supported the notion that it was a phenomenon
existing prior to surgical tissue processing [8]. To avoid confitsion with
the artificially detached cells during tumor dissection, it is important to
collect as much biological evidence as possible with regard to STAS.

The molecular significance of STAS remains unclear, although some
investigators have reported that STAS is associated with wild-type
epidermal growth factor receptor (EGFR) [3,4,9], ROSI rearrange-
ment [10], anti-anaplastic lymphoma kinase (ALK) arrangements [9],
and immunohistochemically identified ALK expression [11]. The influ-
ence of tumor immunity on the progression of STAS has not yet been
investigated. The presence of tumor-infiltrating lymphocytes (TILs)
correlates with patient prognosis in solid malignancies, with outcomes
dependent on the type and density of TILs [12-14]. Tumor-associated
macrophages (TAMs) are a major component of the tumor immune
microenvironment. TAMs, especially those with the M2 phenotype,
release various growth factors, cytokines, and proteinases that create a
favorable microenvironment for tumor progression, resulting in tumor
cell dissemination and metastasis [15,16]. These associations have led to
the hypothesis that the presence of TILs or TAMs may be correlated with
the development of tumor STAS.

In this study, we analyzed a uniform cohort of Japanese patients with
therapy-naive, surgically resected lung adenocarcinoma, and investi-
gated whether the type and density of TILs or TAMs were associated
with the occurrence of STAS and with their clinical outcomes.

2. Materials and methods
2.1. Patients

This retrospective study was approved by the Institutional Review
Board of Kagawa University. We reviewed data from patients (n = 709)
with therapy-naive lung adenocarcinoma who underwent surgical
resection with systematic lymph node dissection at Kagawa University

- between 1999 and 2016. Cases with multifocal invasive carcinomas and
stage I1Ib-IV disease were excluded from the study.

Clinical data were coilected from a prospectively maintained lung
carcinoma database. Disease recurrence was confirmed by clinical,.
radiological, or pathological assessment. The disease TNM stage was
assigned on the basis of the 8th edition of the American Joint Committee
on Cancer TNM Staging Manual [17].

2.2, Histologic evaluation

Hematoxylin and eosin (H&E)-stained slides were reviewed by two
pathologists who had no knowledge of the clinical outcome of the pa-
tients using an Olympus BX53 upright microscope (Olympus Corpora-
tion, Japan) with a standard 22-mm diameter eyepiece. Tumors were
classified according to the 2015 WHO classification of lung carcinomas
[1]. Presence of lymphatic and vascular invasion was noted if at least
one tumor cell cluster was visible.

STAS is defined as small clusters of tumor cell nests within air spaces
in the lung parenchyma beyend the edge of the main tumor [1-3]. They
involve micropapillary pattemns, solid nests, or single cells. The edge of
the main tumor is defined as the outer border of the tumor, which is
typically identified using low-power histologic examination. STAS was
considered to be present when tumor cells were identified beyond the
edge of the main tumor, even if they existed only in the first alveolar
laver from the tumor edge.

2.3, Immunohistochemistry using tissue microarrays .
Formalin-fixed, paraffin-embedded tumor specimens from patients

who met the inclusion criteria of this study were used for tissue micro-
array construction. We marked one representative tumor area on H&E-
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stained slides and, using a tissue arrayer (Tissue Microprocessor KIN-2,
Azumaya, Japan), we arrayed a cylindrical 3-mm tissue core from the
corresponding paraffin block into a recipient black. In total, there were
709 available cases with adequate cores for immunohistochemical
analysis.

We then took 4 pm sections from the tissue microarray blocks and
stained them with anti-CD3 antibedy (clone 2GV6, Ventana Medical
Systems, Inc.; prediluted), anti-CD4 antibody (cloene SP35, Ventana
Medical Systems, Inc.; prediluted), anti-CD8 antibody (clone SP57,
Ventana Medical Systems, Inc.; prediluted), anti-CD45 antibody (clone
UCHL1, Leica; 1:200), anti-CD25 antibody (clone 4C9, Nichirei; pre-
diluted), anti-CD20 antibody {clone 126, Dako; 1:400), and anti-CD68
antibody (clone KP1, Dako; 1:50), using a BenchMark ULTRA auto-
mated immunohistochemical slide staining system (Ventana Medical
Systems, Inc.). Diaminobenzidine was used as the chromogen, and he-
matoxylin was used as the nucléar counterstain. Positive control tissues

- were stained in parallel with the study cases.

2.4, Immunohistochemical analysis and scoring of immune markers

For slides immunochistochemically stained with each immune
marker, the three tumor areas with the highest density of immune cell
infiltration, designated as hot spots, were photographed using an
Olympus BX53 microscope equipped with a DP22 digital camera

‘(Olympus Corporation, Japan), with a 20x cbjective. For each marker,

" immune cells were counted on each of the three photographs using the

Patholoscope image analysis software (MITANI Corporation, Japan) or
by manual counting method upon eyeball estimation. .

The average count of the three areas was considered as the number of
immune cells counted for each patient. Tumors were classified into the
following four groups by immune cell count using quartiles: score 1,
<25th percentile; score 2, >25th percentile and <50th percentile; score
3, >50th percentile and <75 percentile; and score 4, >75th percentile.
As a reference, immune cell count scores of 1, 2, 3, and 4 of
CD68 + TAMSs are shown in Fig. 1A.

2.5. Statistical analysis

Associations between variables were analyzed using chi-square tests
for categorical variables and Mann-Whitney U test for continuous vari-
ables. Multivariable analysis was conducted using linear regression
analysis to evaluate the independent associations of STAS and clinico-
pathological factors with immune cell infiltration. Recurrence-free
probability (RFP) was defined as the time from surgical resection to
the date of disease recurrence. Overall survival (0S) was defined as the
time from surgical resection to the date of death or last follow-up. RFP
and OS were estimated using the Kaplan-Meier method, and nonpara-
metric group comparisons were performed using log-rank tests. Multi-
variate analyses were performed using the Cox proportional hazards
regression model, Multivariate models were built to include factors that
were significant in the univariate analysis. Any associations between
pathological factors were checked, and when strong associations were -
discovered, only one factor was included in the model. All statistical
tests were two-sided, and used a 5% significance level, Statistical ana-

. lyses were conducted using IBM SPSS Statistics for Windows (version

92

23.0; IBM Corporation, Armonk, NY).
3. Results

3.1. Patient clinicopathologic characteristics and their associations with
STAS .

The median age of the 709 patients was 70 years (range, 26-92
years), and more than half of the patienis were men (n = 377; 53 %).
Most patients (n = 536; 76 %) had pathological stage I disease. With
regard to the surgical procedures, 560 (79 %) patients underwent



C. Yoshida et al

A

w

Lung Cancer 158 (2021) 91-96

c

3

B
o

Score 2

]

Incidence of STAS (%)
[\ ]
o

5]

ety

Score 4

Score 3

Score 1

CD68+ TAMs in STAS

p <0001 51

40

32

Score2 Score 3

CD68+ TAMs

Score 4 8

solid nest pattern

Fig. 1. Scoring of CD68+ tumor-associated macrophages (TAMs) and their association with the incidence of spread through air spaces (STAS).

(A) Tumors were classified into four groups by quantification of CD68 + TAMs, using quartiles: score 1, <25th percentile; score 2, >25th percentile and <50th
percentile; score 3, >50th percentile and <75 percentile; and score 4, >75th percentile. The figure for score 1 shows CD68 + TAMs in a lepidic tumor, figure for score
2 shows CD68 + TAMs in an acinar tumor, and figures for scores 3 and 4 show CD68 + TAMs in solid tumors.

(B) The incidence of STAS linearly increased with the score of CD68 + TAMs (incidence of patients with STAS, 27 % for score 1, 32 % for score 2, 40 % for score 3,

and 51 % for score 4; p < 0.001).

(C) Localization of CD68+ tumor-associated macrophages (TAMs) in spread through air spaces (STAS). CD68 + TAMs were found in micropapillary pattern and solid

nest pattern of STAS.

lobectomy or more and 149 (21 %) underwent limited resection (seg-
mentectomy or wedge resection). Eighty-nine patients received adju-
vant therapy. During the study period, 147 patients experienced
recurrence and 129 died. The median follow-up period for the patients
who were alive at the time of the last follow-up was 60 months
(mean + SD, 48 £+ 17).

STAS was observed in 262 patients (37 %) and occurred more
frequently in male patients (p < 0.001). Frequency of STAS was
significantly associated with a higher T status (p < 0.001), lymph node
metastasis (p < 0.001), pathological stage (p < 0.001), lymphovascular
invasion (p < 0.001), and histologic subtypes (micropapillary, solid or
acinar patterns) (p < 0.001) (Supplementary Table 1).

3.2. Associations between the presence of STAS and immune cell
infiltration

The associations between the presence of STAS and each type of
immune cell infiltration are summarized in Table 1. A higher number of
CD25+ TILs and CD68 + TAMs was identified in patients with STAS
than in those without STAS (p = 0.008 and p < 0.001, respectively). The
incidence of STAS increased linearly with the score of CD68+ TAMs

Table 1

Associations Between the Presence of STAS and Immune Cell Infiltration.
Marker Immune cell count, median (25, 75 percentiles) P

STAS, absent STAS, present

CD3 456 (226, 770) 513 (241, 840) 0.13
CD4 123 (85, 200) 133 (73, 212) 0.99
CD8 171 (84, 328) 172 (62, 361) 0.79
CD45R0 268 (148, 442) 260 (138, 519) 0.77
CD25 32 (16, 54) 36 (20, 61) 0.008
CD20 157 (42, 437) 164 (35,417) 0.59
CD68 11 (5, 24) 18 (8, 37) <0.001

Significant p-values are shown in bold.
STAS, spread through air spaces,
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(incidence of patients with STAS: 27 % for score 1; 32 % for score 2; 40
% for score 3; and 51 % for score 4; p < 0.001) (Fig. 1B). However, this
trend was not observed for CD25+ TILs (Supplementary Fig. 1). Based
on the association between STAS and CD68 + TAMs, all subsequent
statistical analyses focused on CD68 + TAMs.

To investigate the localization of CD68 + TAMs in the main tumor
and in the tumor cells of STAS, we randomly selected 18 cases with
prominent STAS and stained their samples with anti-CD68 antibody
using whole blocks. Among them, eight patients (44 %) had
CD68 + TAMs within tumor cells of STAS (Fig. 1C).

3.3, Associations of STAS and clinicopathologic features with
CD68 + TAMs

The highest density of CD68 + TAMs was identified in male patients
(p < 0.001), with a higher T status (p < 0.001), lymph node metastasis
(p = 0.004), pathological stage (p < 0.001), lymphovascular invasion (p
< 0.001), and histologic subtypes (micropapillary, solid, or acinar pat-
terns) (p < 0.001) (Table 2). Multivariate linear regression analysis
showed that STAS was an independent predictive factor for a higher
number of CD68 + TAMs (p = 0.014) (Table 3).

3.4. Association between patient outcome and STAS or CD68 + TAMs

The univariate associations of patient outcomes (RFP and OS) with
clinicopathologic factors and CD68 + TAMs are presented in Supple-
mentary Table 2. Higher T status (p < 0.001), lymph node metastasis
(p < 0.001), pathological stage (p < 0.001), lymphovascular invasion
(p < 0.001), histologic subtypes (micropapillary, solid, or acinar pat-
terns) (p < 0.001), and STAS (p < 0.001) were found to be significantly
associated with a lower RFP. Older age (p = 0.005), male sex (p =
0.001), higher T status (p < 0.001), lymph node metastasis (p < 0.001),
pathological stage (p < 0.001), lymphovascular invasion (p < 0.001),
histologic subtypes (micropapillary, solid, or acinar patterns) (p <
0.001), and STAS (p < 0.001) were found to be significantly associated
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Table 2
Associations of Clinicopathologic Features with CD68 + TAMs.
Variables N CD68 + TAMS ]
Median (25, 75 percentiles)

Age, years 0.078
<65 239 17 (6, 32)
»65 . 470 13 (5, 28)

Sex . : <0.001
Female 332 11 (5 23)
Male 377 17 (7, 35)

T status <0.001
Tis 38 8 (5, 14)
Tl 478 13 (5 27)
T2 154 19 (7, 40)
T3 24 18 (7,49
T4 15 16 (10,19 - -

N status : 0.004
NO 611 13 (5, 27)
N1 43 18 (8, 38)
N2 5 23 (9, 41)

Pathological stage <0.001
Stage 0 38 8 (5, 14)
Stage | 536 13 (5, 28)
Stage II 59 18 (7,39
Stage IlI 76 19 (9, 40)

Lymphovascular invasion <0.001
Absent 442 1 (5, 22)
Present 267 20 (8, 43)

Histologic subtype <0.001
AIS 4 MIA 136 9 (5, 18)
Lepidie ’ 90 10 (4,18
Acinar 74 23 (16, 40)
Papillary 270 14 (6, 33)
Micropapillary 23 20 (6, 30)
Solid 63 28 (13, 50)
Others 53 11 (6, 30)

Significant p-values are shown in bold. .
TAMs, tumor-associated macrophages; AIS, adenocarcinoma in situ; MIA,
minimally invasive adenacarcinoma.

Table 3
Multivarjate Linear Regression Analysis for Predicting CD68 + TAMSs.
Variables Regression 95 % CI t P
coefficient
Sex Male vs. 820 4.20 - 402 <0001
female 12.20
Pathological 11T s, ©-1 3.28 —2.02 - 121 0.23
stage 8.58
STAS Present vs. 547 112 - 247 0.014
absent 9.81

TAMs, tumor-associated macrophages; CI, confidence interval; STAS, spread
through air spaces.

with a worse OS.

The RFP of patients with a CD68 + TAM score of 4 was significantly
lower (S-year RFP, 67 %) than those with CD68 + TAM scores of 1, 2, or
3 (S-year RFP 76 %, 84 %, and 76 %, respectively; p = 0.030) (Sup-
plementary Table 2). When CD68+- TAM scores 1, 2, and 3 were com-
bined, the RFP for patients with a CD684- TAM score of 4 was lower than
that for patients with combined CD68+ TAM scores 1-3 (5-year RFP 67
% vs, 78 %; p = 0.008) (Fig. 2). However, there was no association
between CD68" + TAM scores and OS (p = 0.19) (Supplementary
Table 2). Among the patients with a CD68+ TAM score of 4, the RFP of
patients with micropapillary, solid, and acinar patterns (5-year RFP 50
%, 63 %, and 42 %, respectively) was significantly lower than that in
patients with other histologic subtypes.(5-year RFP, 77 %; p = 0.002).

Multivariate analysis for RFP, after adjustment for pathological
stage, lymphovascular invasion, and histologic subtypes, showed that
STAS remained independently associated with a higher risk of recur-
rence (HR = 3.32, p < 0.001); however, CD68 + TAM scores were not
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Fig. 2. Association between recurrence-free probability (RFP) and tumor-
associated macrophages (TAMs). Five-year RFP for patients with
CD68 -+ TAM score 4 was lower than that for patients with CD68 -~ TAM scores
1-3 (5-year RFP, 67 % vs. 78 %, respectively; p = 0.008).

independent predictors of recurrence (CD68 + TAM score 4 vs. scores
1-3; HR = 1.00, p = 0.995) (Table 4}.

4. Discussion

We performed comprehensive immunohistochemical analyses of
tumor-infiltrating immune cells in an effort to identify significant pre-
dictors of tumor STAS using a uniform, large cohort of patients with
surgically resected lung adenocarcinoma. We demonstrated that a
higher than control density of CD68 + TAMSs is an independent predictor
of a higher rate of STAS, in addition to the correlations of STAS with the
characteristics of aggressive tumor behavior such as larger tumor size,
and higher Iymph node metastasis, pathological stage, and lymphovas-
cular invasion. Even though the presence of STAS was associated with
CD68 - TAMSs, STAS remained significantly associated with a higher risk
of recurrence after adjustment for CD68 -+ TAMSs, sex, pathological
stage, and lymphovascular invasion.

In pathological practice, macrophages are frequently identified in
virtually all types of solid malignancies, including lung carcinomas. The
phenotypes of classically activated type I or M1 macrophages, derived
from healthy or inflamed tissues, include the ability to kill microor-
ganisms and tumor cells, present antigens, and produce high levels of T-
cell stimulatory cytokines [18,19]. The phenotypes of alternatively

Table 4
Multivariate Analysis of Recurrence-Free Probability.
Variables ‘ Hazard 95 % CI p
ratio
Recurrence-free probability
Pathological stage 11-11T vs, O-I 2.44 1.71 - <0.001
3.48
Lymphovascular Present vs. absent 2.40 152 - <0.00%
invasicn ‘ 3.79
Histologic subtypes SOL/MIP/ACI vs. 1.47 1.03 - 0.033
: athers 2.09
STAS Present vs. absent 3.32 218 - «<0.001
5.07
CD68 + TAMs Score 4 vs. scores 1.00 0.71 - 0.995
1-3 142

Cl, confidence interval; SOL, solid; MIP, micropapillary; ACI, acinar; STAS,
spread through air spaces; TAMs, tumor-assaciated macrophages.
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activated type II or M2 macrophages, which may be developed by
exposure to IL-4 and IL-10 in tumors, however, have poor
antigen-presenting capability, and produce factors that suppress T-cell
proliferation and activity [18,19]. In specific microenvironments, M2
TAMs can release growth factors, cytokines, chemokines, or enzymes
that regulate tumor growth, angiogenesis, invasion, or metastasis [20,
21]. In resected lung adenocarcinomas, we demonstrated that TAMs
were associated with aggressive biological behavior, such as larger
tumor size, lymphovascular invasion, and lymph node metastasis. We
demonstrated that a higher density of CD68 + TAMs was an independent
predictor of STAS. STAS was also correlated with larger tumor size,
lymph node metastasis, higher pathological stage, and lymphovascular
invasion. Assuming these findings reflect biologically significant corre-
lations between STAS and TAMs, the development of tumor STAS may
be promoted by immunological functions of TAMs.

Previous studies have found that TAMs are associated with unfa-
vorable clinical outcomes in lung cancer [22-24]. As the most common
immunohistochemical TAM marker, CD68 has been used as a
pan-macrophage marker, whereas CD163 has been used as an M2
marker. Chen et al. found that the median survival for non-small cell
lung carcinoma (NSCLC) patients with a high density of
tumor-infiltrating macrophages, detected by anti-CD68 antibodies, was
significantly shorter than for those with a low density of
tumor-infiltrating macrophages [22]. Jackute et al. demonstrated that
M2 macrophages, detected by immunohistochemical double staining of
CD68 and CD163, predominated over M1 macrophages in tumor tissue.
High levels of infiltration of M2 macrophages in tumor tissue were
associated with reduced OS in patients with NSCLC [23]. Cao et al. re-
ported that NSCLC patients with low infiltration of all macrophages and
M2 macrophages had a better OS than those with high infiltration of all
macrophages, as determined by labelling with CD68, and M2 macro-
phages identified by labelling with CD163 in tumor islets. M2 macro-
phages were more abundant than M1 macrophages in the.tumor
microenvironment [24]. In lung carcinomas, the majority of total TAMs,
detected using CD68 as a pan-macrophage marker, were M2 macro-
phages detected by CD163; therefore, the prognostic value of CD68 may
be similar to that of CD163. In lung adenocarcinomas, we found that a
high density of CD68 + TAMs was associated with a higher risk of
recurrence in univariate analysis; however, CD68 + TAMs were not
independent predictors of recurrence in multivariate analysis after
adjusting for STAS. These results suggest a strong association between a
high density of CD68 + TAMs and the presence of STAS.

Our study had several limitations. First, TAMs were stained with
CD68, which is known as a pan-macrophage marker, but were not
stained using a specific CD163 antibody, which is a distinct M2
macrophage marker. However, as described in previous studies [23,24],
TAMs are mainly M2 macrophages in the distinct tumor microenviron-
ment. This finding supports the hypothesis that the prognostic and
biological significance of CD68+ total macrophages is at least partly
consistent with that of CD163 + M2 macrophages. Second, since this
study was based on immunocytochemistry using tissue microarray, se-
lection bias was inevitable in selecting tumor areas for tissue microarray
construction. To minimize this selection bias, we adopted a relatively
large tissue core, of 3 mm, and evaluated three tumor areas with the
highest density of immune cell infiltration in each core. We stained 18
case samples with prominent STAS with anti-CD68 antibody using
whole blocks, and demonstrated that CD68 + TAMs were found in the
area of tumor STAS as well as in the area of the main tumor. Third, as
immunohistochemical analysis cannot confirm the mechanism under-
lying STAS by immune cells, further experiments using cell lines and
animal models are warranted.

5. Conclusions

We demonstrated that the incidence of STAS increased linearly with
the number of CD68 -+ TAMs, and that a higher density of CD68 + TAMs
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was an independent predictor of a higher incidence of STAS. The pres-
ence of STAS was also correlated with aggressive tumor behavior. Even
though the presence of STAS was associated with CD68 + TAMs, STAS
remained significantly associated with a higher risk of recurrence after
adjustment for other clinicopathologic prognosticators and levels of
CD68 + TAMs. If these results reflect biological correlations between
STAS and TAMs, the development of tumor STAS may be promoted by
the immunological functions of TAMs.
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