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Simple summary: The number of malignant pleural effusion (MPE) cases in the United States, most of which
are related to metastasis to the pleural cavity, exceeds 150,000 each year, yet the immune composition of MPEs
and its relation to the immune composition of the primary tumor are not well described. The aim of our
retrospective study was to characterize and compare the immune landscapes of breast carcinoma (BC) and
lung adenocarcinoma (LADC) primary tumors (PTs) and their corresponding MPEs and test the incorporation
of multiplexed image technology in the study of malignant fluids. Our results showed that the immune cell
phenotypes in MPEs and PTs were similar within each cancer type but were different for LADC vs. BC.

Abstract: Background:Malignant pleural effusion (MPE),a frequent complication of advanced malignancies.
This pilot study characterized and compared the immune landscapes of breast carcinoma (BC) and lung
adenocarcinoma (LADC) primary tumors(PTs) and their corresponding MPEs and tested the incorporation of
multiplexed image technology for the study of malignant fluids. Methods: We studied the immune contexture
of 6 BC and 5 LADC PT samples and their MPEs using 3 multiplex immunofluorescence panels. We explored
associations between sample characteristics and pleural effusion—free survival. Results: Although we found 3
out of 11 PTs PD-L1 positive more than 1% by malignant cells, no MPE samples reached positive expression
by malignant cells. In addition, CD3+ T cells and CD3+CD8+ cytotoxic T cells predominated (median
percentages for MPEs vs. PTs: 45.5% vs. 40.7% and 4.7% vs. 6.6%, respectively). In the BC samples, CD68+
macrophages predominated (median percentages for MPEs vs. PTs:61% vs. 57.1%). Generally,
CD3+CD8+FOXP3+ T cells in PTs and the distances from the malignant cells to CD3+CD8+Ki67+ and CD3+PD-
1+ T cells were correlated in the first event of MPE after diagnosis. Conclusions: The immune cell phenotypes
in the MPEs and PTs were similar within each cancer type but were different for LADC vs. BC.MPE analysis
could be used as a substitute for PT analysis, but an expanded study on this topic is essential.

Keywords: Breast; lung; cancer; microenvironment; pleural effusion; immunofluorescence

1. Introduction

The number of malignant pleural effusion (MPE) cases in the United States, most of which are
related to metastasis in the pleural cavity from solid and hematopoietic neoplasias, exceeds 150,000
each year [1]. Lung cancer is the leading cause of MPE (25-52% of cases), and of the MPE cases caused
by lung cancer, 78% to 82% result from lung adenocarcinoma (LADC) [1,2] . Breast cancer (BC) is the
second leading cause of MPE, and 26% of MPE cases can be attributed to that disease [3,4]. Although
MPE typically occurs in advanced-stage disease (stages III and IV) in LADC [5,6], most MPE cases in
patients with BC are diagnosed in patients with stage I or II disease [7].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Collecting an MPE sample serves 2 main purposes: relieving a patient’s symptoms and
providing useful diagnostic information. An MPE can confirm a patient’s diagnosis when material
cannot be obtained from the primary tumor (PT) [8]; when an easy alternative to biopsy is needed, as
when obtaining even a small-scale biopsy could be detrimental to a patient’s health; or when
immunohistochemistry (IHC) and/or molecular testing is needed. An MPE can also provide
information regarding the molecular and hormonal markers related to a PT (e.g., a breast tumor).
Moreover, researchers are investigating its potential use as a prognostic indicator; an MPE could
provide enough material for morphologic diagnosis and ancillary IHC and/or molecular testing and
could be more representative of the genomic and immune landscape than the PT. Thus, it is critical
to understand the cellular composition of MPEs and their correlations with or similarity to PTs.

This pilot study characterized the immune landscapes of breast carcinoma (BC) and LADC PTs
and their corresponding MPEs to compare the cellular and immune landscapes of these tumors,
explore the association between MPE cellular composition and pleural effusion—free survival (PEFS),
and test the incorporation of multiplexed image technology as a potential tool for the study of
malignant fluids.

2. Materials and Methods

Sample Collection

Eleven formalin-fixed, paraffin-embedded (FFPE) PT samples (6 from patients with BC, and 5
from patients with LADC) stained with hematoxylin and eosin (H&E) were selected from our archive
tissue bank at The University of Texas MD Anderson Cancer Center (Houston, TX) with their
respective MPEs. IHC archival slides from the patients” MPEs were also retrieved and confirmed to
have originated from the corresponding tumor samples. The MPE samples were from patients
without known co-infections at the time of MPE collection. Quality control using H&E was performed
to confirm that each PT sample contained at least 40% tumor tissue and that more than 100 malignant
cells were present in each PT and MPE sample. Two serial sections, each 4 um thick, were cut from
each patient's FFPE sample. One was subjected to automated staining (Bond RX; Leica Biosystems,
Vista, CA) according to the established H&E slide preparation protocol in our laboratory [9] to
confirm that there was enough material for the study. The second slide was processed and prepared
for multiplex immunofluorescence (mIF) panel analysis.

mlIF samples

Patient samples were subjected to mIF automated staining with Bond RX according to the
already established protocol in our laboratory [9] using 3 different antibody panels (Supplementary
Tables S1 and S2). This process made the analysis more specific, which was necessary because, in
MPEs, a standard panel with Pancytokeratin cannot differentiate between mesothelial cells and
malignant cells from LADC or BC. Panel 1 (for PT samples) included PanCK, CD3, CD8, FOXP3, PD-
1, PD-L1, Ki67, and CD68. Panel 2 (for MPE samples from patients with LADC) included TTF-1, WT-
1, CD3, CD§, PD-1, PD-L1, FOXP3, Ki67, and CD68. Panel 3 (for MPE samples from patients with BC)
included GATA-3, WT-1, CD3, CD8, PD-1, PD-L1, FOXP3, Ki67, and CD68 . To identify the malignant
cells, we used the PanCK antibody for panel 1, the TTF-1 antibody for panel 2, and the GATA-3
antibody for panel 3. In addition, the WT-1 marker was used in both MPE panels (panels 2 and 3) to
discriminate between reactive mesothelial cells and malignant cells.

Each antibody was stained sequentially using its respective fluorophore in the Akoya
Biosciences (Marlborough, MA) Opal 7 color Kit (catalog #NEL821001KT), the Opal Polaris 780
(catalog #FP1501001KT), and the Opal Polaris 480 (catalog #FP1500001KT) (Supplementary Table
S1). In each staining run, we included appropriate positive and negative controls according to the
mlF panel and sample metastatic origin.
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Selection of Representative Areas and Digital Image Analysis

The stained slides were scanned with the Phenolmager HT 1.0.13 multispectral imaging system
(Akoya Biosciences) at low magnification (10x). Then, a pathologist (CL) selected representative areas
for image analysis using the Akoya Phenochart image viewer 1.0.12 (region of interest [ROI], 660 um
x 500 um; magnification, 20x; 0.5 um/pixel) [9]. For the PT slides, 3 to 5 representative ROIs were
selected according to the tumor size. For the MPE samples, around 10 ROIs with a representative
number of immune cells were selected (at least 100 malignant cells per sample). Each ROI was
analyzed with the image analysis software inForm 2.6 (Akoya Biosciences). PTs were categorized into
2 study regions—tumor and stroma—according to location of the malignant cells expression of
panCK (in the tumor nets and in the areas between the tumor nets, respectively). Antibody co-
localization was used to identify the most relevant cell phenotypes in each mlIF panel
(Supplementary Table S2). The absolute numbers of each cell phenotype in the PTs and MPEs were
quantified, and the final data were expressed as the number of cells of each phenotype divided by
the total number of cells. For PD-L1 expression positive sample (PT or MPE) was considered more
than 1% membrane expression at any intensity. The data were consolidated using R studio v. 3.6.1
(Phenopter 0.2.2 packet; https://rdrr.io/github/akoyabio/phenoptrReports/f/, Akoya Biosciences).

Using the spatial point pattern distribution of the X and Y coordinates of cell phenotypes relative
to malignant cells, we measured the nearest-neighbor distance from the PanCK+ malignant cells to
the immune cells in the PT samples using R studio software v.3.6.1 (Phenopter 0.2.2 packet;
https://rdrr.io/github/akoyabio/phenoptrReports/f/, Akoya Biosciences).

Clinical Information

The patients’ clinicopathologic information including age, sex, race, smoking status, PT size, and
clinical stage, was retrieved from the patients’ electronic medical records. We also collected
information on the epidermal growth factor receptor mutational status of the patients with LADC
and the estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2
status of the patients with BC.

Statistical Analysis

For the statistical analysis, the percentages of cell phenotypes in the PT and MPE samples and
the distances from the various cell phenotypes to the malignant cells in the PTs were categorized.
Values greater than the median were considered high percentages or long distances, and values equal
to or lower than the median were considered low percentages or close distances. For the exploratory
analysis, samples positive for PD-L1 were defined as those in which the malignant cells had a
membranous PD-L1 expression of greater than1%. .Tumor proliferation in the samples was classified
according to the percentage of Ki67 expression by malignant cells (less than 10% = low proliferation,
10%-20% = intermediate proliferation, and >20% = high proliferation, according to a published
classification system) [10].

Nonparametric tests were used to analyze the spatial distances between the immune cell
phenotypes and malignant cells in PTs vs. MPEs. Associations between the cell phenotype
percentages and patients’ clinicopathologic features were explored using the Wilcoxon rank-sum test
or the Kruskal-Wallis test. For the univariate analyses, only the most abundant cell phenotypes were
used (more than 2 cell phenotypes per ROI), and the Kaplan-Meier method and the log-rank test were
used to determine whether cellular distances and cellular percentages were associated PEFS, defined
as the time from the PT diagnosis until the first MPE collection, and overall survival (OS), defined as
the time from the PT diagnosis until death or as the time from the MPE diagnosis until death. P-
values of less than 0.05 were considered statistically significant. All analyses and data visualizations
were performed using R studio v. 3.5.3, IBM SPSS software v. 26, and/or GraphPad Prism v. 9.0.0.
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Data Availability

The authors declare that the data supporting the findings of this study are available within the
manuscript and its supplementary information files. Other relevant data related to the current study
are available upon request from the corresponding author.

3. Results

Patient Characteristics

Most patients were women. The median ages were 65 years (range, 47-70 years) for patients with
BC and 75 years (range, 44-78 years) for patients with LADC. At the time of PT diagnosis, 2 patients
(1 with BC and 1 with LADC) had stage III disease and 6 patients (4 with BC and 2 with LADC) had
stage IV disease. Four patients with BC received neoadjuvant chemotherapy plus surgery, and 2
patients with LADC received neoadjuvant chemotherapy plus radiotherapy. One patient with LADC
received only neoadjuvant chemotherapy. The median PEFS was 37 months for the patients with BC
and 57 months for the patients with LADC. Also, the median OS after the diagnosis of MPE was 4.5
months for the patients with BC and 16.5 months for the patients with LADC. Additionally, the
median OS from the diagnosis of the PT to death was 53.5 months for the patients with BC and 55.5
months for the patients with LADC (Table 1).

Table 1. Patients’ clinicopathological characteristics.

Characteristic BCn=6 LADCn =3
n (%) n (%)

Sex

Female 6 (100) 4 (80)

Male 0(0) 1(20)
Age, years (median) 65 75
Tumor localization

Right 4 (67) 2 (40)

Left 2 (33) 3 (60)
Smoker

Yes 0(0) 2 (40)

No 0(0) 2 (40)

Unknown 6 (100) 1 (20)
Histopathology

Invasive ductal carcinoma 5 (83) -

Invasive lobular carcinoma 1(17) -

Adenocarcinoma - 5 (100)
Stage at PT diagnosis

I 0(0) 2 (40)

II 1(17) 0(0)

III 1(17) 1(20)

v 4 (67) 2 (40)

Unknown 0(0) 0(0)
Treatment

Chemotherapy 2 (33) 1 (20)

doi:10.20944/preprints202306.0480.v1


https://doi.org/10.20944/preprints202306.0480.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 June 2023

doi:10.20944/preprints202306.0480.v1

5
Chemotherapy + surgery 4 (67) 0(0)
Chemotherapy + radiotherapy 0(0) 2 (40)
Unknown 0(0) 2 (40)
THC results for PT
ER+, PR-, HER2- 1(17) N/A
ER+, PR+, HER2- 3 (50) N/A
ER+, PR+, HER2+ 1(17) N/A
ER-, PR-, HER2- 1(17) N/A
EGFR+ N/A 1 (20)
EGFR- N/A 1 (20)
Unknown 0 3 (60)
Median period between PT diagnosis and MPE
37 (2-140) 57 (1-128)
collection, months
Median OS after MPE collection, months 4.5 (1-18) 16.5 (1-31)
Median OS from PT diagnosis to death, months 53.5 (14-372) 55.5 (32-154)

BC, breast carcinoma; EGFR, epidermal growth factor receptor; ER, estrogen receptor; HER2, human epidermal

growth factor receptor 2; LADC, lung adenocarcinoma; MPE, malignant pleural effusion; N/A, not available; OS,

overall survival; PR, progesterone receptor; PT, primary tumor.

Malignant Cells” Overall PD-L1 and Ki67 Expression

One BC and 2 LADC PT samples were positive for PD-L1 expression of more than 1% membrane

expression by malignant cells, whereas no MPE samples were researched with more than one percent
positive by malignant cells (Table 2). Furthermore, among the BC PTs, we observed Ki67 expression
of less than 10% in 3 samples, of 10% to 20% in 1 sample, and of more than 20% in 2 samples. Among
the BC MPEs, we observed Ki67 expression of less than 10% in 4 samples and of more than 20% in 2
samples. Although Ki67 classification is generally used in BC, we applied the same criteria to our
LADC samples. Among the LADC PTs, we observed Ki67 expression was negative for 1 sample, of
less than 10% in 3 samples and of 10% to 20% in 1 sample. Among the LADC MPEs, we observed
Ki67 expression of between 10% and 20% in 3 samples and of less than 10% in the remaining 2
samples.

Table 2. PD-L1 and Ki67 expression in PTs and MPEs in breast cancer and lung adenocarcinoma cases

BC samples (%) LADC samples (%)
Variable Location S1 S2 S3 S4 S5 S6 S1 S2 S3 S4 S5
PT 0 0 0 0 0 2.0 0 1.0 60 1.0 10.0
*PD-L1+
MPE 0 0 03 03 0 0 0 0 0 0 0
PT 324 141 78 297 94 1.1 0 1.0 60 1.0 100
Ki67+
MPE 23.0 24 7.3 4.8 39 352 | 148 134 55 25 148

BC, breast carcinoma; LADC, lung adenocarcinoma; MPE, malignant pleural effusion; PD-L1, programmed
death-ligand 1; PT, primary tumor; S,sample.* PD-L1 expression > 1% was considered positive.

Characterization of the Tumor Microenvironment and the Immune-Cell Phenotypes of PTs and Their Paired MPEs
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We found that, in most cases, the cellular composition of the tumor microenvironment (TME) of
the PT samples and that of their paired MPE samples was similar (Figure 1, Supplementary Figure
S1).

LADC Samples

When we compared the LADC immune-cell phenotypes, the median percentages for the PTs
compared with their MPEs, respectively, were as follows: CD3+ T cells, 40.7% vs. 45.5%; CD3+CD8+
cytotoxic T cells, 6.6% vs. 4.7%; CD3+PD-1+ antigen-experienced T cells, 1.3% vs. 0.4%;
CD3+FOXP3+CD8¢s regulatory T cells, 0% vs. 3.2%; and CD68+ macrophages, 57.1% vs. 44.1%
(Figures 2 and 3, Tables 3 and 4, Supplementary Table S3). In general, higher cellular percentages were
found in the PTs than in the MPEs. In looking at the individual samples, no T-cells with PD-1 or PD-
L1 expression were observed in 2 of the MPE samples but were found in their respective PTs.
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Figure 1. Microphotographs show representative multiplexed immunofluorescence images from
each of the PT and MPE samples. PTs show 9 color markers for the PT panel (A,B) and MPEs show
10 markers (C,D). For each panel, 20x magnification was used. The images were generated using a
Phenolmager HT 1.0.13 scanner system and inForm 2.4.8 image analysis software (Akoya
Biosciences). BC, breast cancinoma; CD, cluster of differentiation; DAPI, 4'6-diamidino-2-
phenylindole; FOXP3, forkhead box P3; MPE, malignant pleural effusion; lung adenocarcinoma;
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PanCK, pancytokeratin; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1;
PT, primary tumor; WT-1, Wilms tumor 1.
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Figure 2. Comparison of all PT and MPE phenotypes in BC and LADC samples. Bar charts show
the median percentage for PTs (A,B) and cell percentages for MPE (C,D), including all the phenotypes
studied in the panels. Whiskers represent 95% error bars. The images were generated using Graphpad
version 9.4.1. BC, breast carcinoma; CD, cluster of differentiation; FOXP3, forkhead box P3; LADC,
lung adenocarcinoma; MPE, malignant pleural effusion; PD-1, programmed cell death protein 1; PD-
L1, programmed death-ligand 1; PT, primary tumor.
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Figure 3. Comparison of the cellular composition of PTs vs. MPEs. Five phenotypes (CD3+,
CD3+CD8+, CD3+PD-1+, CD3+FOXP3+CD8¢, and CD68+) had median values of more than 1% for
the PTs and MPEs. Each phenotype was analyzed and compared (PT vs. MPE samples and LADC vs.
BC samples). The images were generated using GraphPad version 9.4.1. BC, breast carcinoma; CD,
cluster of differentiation; FOXP3, forkhead box P3; LADC, lung adenocarcinoma; MPE, malignant
pleural effusion; PD-1, programmed cell death protein 1; PT, primary tumor .
Table 3. Immune cellular composition in BC and LADC PTs.
BC PT samples, % LADC PT samples, %
Cell phenotype S1 S2 S3 S4 S5 S6 | S1 S2 S3 S4 S5
CD3+ 49.6 152 530 193 333 357|636 824 669 667 40.7
CD3+CD8+ 80 1.8 256 91 0 43 | 64 113 157 29 104
CD3+PD-1+ 1.8 03 04 57 0 1.7 | 34 31 0 0 1.7
CD3+PD-L1+ 0 0 0 0 0 0 0 0 103 29 0
CD3+Ki67+ 0.9 0 02 11 0 0 02 03 0 0 0.9
CD3+CD8+Ki67+ 0.1 0 0 1.1 0 0 0 0.3 0 0 0.5
CD3+PD-1+PD-L1+ 0 0 0 0 0 0 0 0 0 0 0
CD3+CD8+PD-L1+ 0 0 0 0 0 0 0 0 0.8 0 0
CD3+CD8+PD-1+ 0 0 02 11 0 09 1 02 03 0 0 0.5
CD3+FOXP3+CD8nes 35 29 17 57 0 0 79 0 0 0 4.9
CD68+ 36.0 798 189 56.8 66.7 574|183 22 63 275 403
CD68+PD-L1+ 0 0 0 0 0 0 0.1 0 0 0 0

BC, breast carcinoma; CD, cluster of differentiation; FOXP3, forkhead box P3; LADC, lung adenocarcinoma; PD-
1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PT, primary tumor; S,sample.
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Table 4. Immune cellular composition in BC and LADC MPEs.
BC MPE samples, % LADC MPE samples, %

Cell phenotype S1 S2 S3 S4 S5 S6 | S1 S22 S3  S4 S5
CD3+ 137 839 468 122 109 563 | 62.7 126 28.0 456 70.0
CD3+CD8+ 26 88 63 38 10 22|33 14 75 47 107
CD3+PD-1+ 0.2 0 0 11 06 14 | 10 02 01 04 11
CD3+PD-L1+ 0 0 0 03 01 05 0 0 0 01 04
CD3+Ki67+ 10 19 05 09 01 07 |08 02 01 09 16
CD3+CD8+Ki67+ 01 09 0 0.5 0 0 0 0 01 01 05
CD3+PD-1+PD-L1+ 0 0 0 0.1 0 0 0 0 0 0 0
CD3+CD8+PD-L1+ 0 0 0 02 01 05 0 0 0 01 04
CD3+CD8+PD-1+ 0 0 0 0.5 0 01 ] 01 01 0 0 0.2
CD3+FOXP3+CD8nes 03 35 32 11 14 08 |32 22 07 40 69
CD68+ 820 12 432 792 857 375|290 833 633 441 82
CD68+PD-L1+ 0.1 0 0 02 02 0 0 0 0 0 0

BC, breast carcinoma; CD, cluster of differentiation; FOXP3, forkhead box P3; LADC, lung adenocarcinoma;
MPE, malignant pleural effusion; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1;
S,sample.

BC Samples

When we compared the immune-cell phenotypes from the TME of the PTs and the phenotypes
from the paired MPEs, the median percentages for the PTs compared with their MPEs, respectively,
were as follows: CD3+ T cells, 34.5% vs. 30.3%; CD3+CD8+ cytotoxic T cells, 6.2% vs. 3.1%; CD3+PD-
1 antigen-experienced PD-1 T cells, 1.1% vs. 0%; CD3+FOXP3+CD8<¢ regulatory T-cells, 2.3% vs.
1.3%; and CD68+ macrophages, 57.1% vs. 61.2%. In general, higher cellular percentages were found
in the PTs than in the MPEs. Finally, in the individual samples, 2 MPEs did not show T-cell antigen-
experienced PD-1 or cytotoxic T-cell PD-L1 expression, whereas their corresponding PTs did (Figures
2 and 3, Tables 3 and 4, Supplementary Table S4).

Spatial Cellular Distribution in PTs

An exploratory analysis of the cellular spatial distributions in the LADC PT samples showed
that the CD3+ T cells were closer to the malignant cells than were the other cell phenotypes when the
tumor and stroma categories were combined (median distance, 60.2 pm). The median distances in
the tumor and stroma categories were 96.7 um and 53.1 pum, respectively. In the BC PT samples, the
CD68+ macrophages were nearer to the malignant cells than were the lymphocytes when the tumor
and stroma categories were combined together (median distance, 83.6 um), but the median distances
for the macrophages in the tumor and stroma categories were very different (74.8 um and 148.5 um,
respectively) ( Supplementary Tables S5 and S6). Generally, the T cells were closer to the
proliferating malignant cells in the LADC PT samples than in the BC PT samples (130.4 um and 61.3
um, respectively).

Using the nearest-neighbor distance from the PanCK-positive malignant cells to the immune
cells in the PT, the univariate analysis showed that, in LADC and BC PTs, close distances from
malignant cells to CD3+ T cells (median distance, 3 um) and to CD3+PD-1+ antigen-experienced T
cells (median distance, 2.7 um) were associated with shorter PEFS than were longer distances (Figure
4). Intriguingly, patients with close distances from malignant cells to CD3+Ki67+ proliferating Tcells
(median distance, 3.7 um) and CD3+CD8+Ki67+ proliferating cytotoxic T cells (median distance, 3
um) presented with MPEs in a shorter time (less than 25 months) than did the patients with longer

doi:10.20944/preprints202306.0480.v1
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distances between these cells. In addition, univariate analysis showed that, compared to lower
percentages of CD3+CD8+FOXP3+ cytotoxic/regulatory T cells in the PT, higher percentages were
significantly associated with early MPE development (P = 0.036) (Figure 5). Other associations were

not found.
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‘Figure 4. Spatial analysis and comparison of the PTs. This analysis determined the distributions of
the individual cell types and the distance measurements between the malignant cells (expressing
PanCK) and the immune cell populations. BC, breast carcinoma; CD, cluster of differentiation; FOXP3,
forkhead box P3; LADC, lung adenocarcinoma; PanCK, pancytokeratin; PD-1, programmed cell death
protein 1; PD-L1, programmed death-ligand 1; PT, primary tumor.
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Figure 5. Survival from PT diagnosis to MPE onset. (A) Mantel-Cox curves (P = 0.036) showing
survival over time related to CD3+CD8+FOXP3+ expression in the PT. Line 1 (blue) is for the group
with lower expression of this phenotype, and line 2 (red) is for the group with higher expression, both
in relation to the median value. Patients with lower expression than the median of the phenotype had

better survival. The graphs B, C, and D show that patient survival improved as the distance between
the immune and malignant cells (MCs) increased in relation to the median value. CD, cluster of
differentiation; E, events ; FOXP3, forkhead box P3; N, total number; PD-1, programmed cell death

protein 1.
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4. Discussion

In the current study, we analyzed PT and MPE samples from 11 patients—6 with BC and 5 with
LADC—to characterize and compare the cellular compositions of the PTs and MPEs and explore the
association between cellular composition and PEFS. The PT and MPE pairs showed similar
percentages of the cell phenotypes, although interestengly the distributions were different in the BC
vs. the LADC specimens PT and their respective MPE . Furthermore, we found that having higher
percentages of CD3+CD8+FOXP3+ cytotoxic/regulatory T cells in the PT and close distances from the
malignant cells to CD3+CD8+Ki67 proliferating cytotoxic T cells and CD3+Ki67+ proliferating T cells
were associated with early MPE development.

Although in our small cohort no MPEs reached positive expression more than 1% by malignant
cells compared with their PTs, studies using IHC in large cohorts have demonstrated that overall the
expression of PD-L1 in PTs and their MPEs is similar [11-16]. This discrepancy in findings may be
related to the small number of cases in our study or insufficient malignant cells evaluated in the MPEs
rather than entire PT and MPE samples as the IHC samples in the cited studies. These IHC evidence
suggests that MPEs can be used to detect this checkpoint marker and that they may offer clues as to
what is happening in the PT [16].

Little evidence exists regarding the usefulness of measuring Ki67 in the cells of lung PTs [17]. In
our study, we observed lower Ki67 expression in LADC PTs than in their paired MPEs. Even though
comparisons between these samples have not been described in the literature, Ki67 expression levels
have been a useful tool in some exploratory studies examining either LADC PTs or MPEs . A study
by Yan et al [18] found that a Ki67 expression level of 20% or higher as determined by IHC staining
of the PT was associated with invasive LADC, whereas lower percentages were associated with in
situ or minimally invasive carcinoma. In contrast, the expression levels in our LADC PT samples were
all less than 10%. This difference could be related to the technique used (IHC vs. mIF) and the type
of tissue assessed (from a biopsy vs. a surgical resection). Moreover, Ki67 expression levels can be
used to distinguish between a reactive serous effusion or MPE [19]; an expression level of 10% in
epithelioid cells is predictive of malignancy regardless of whether lymphocytes are proliferating in
the background, which can make this evaluation challenging. In BC, Ki67 is a useful tool because its
expression pattern is interrupted by carcinogenesis [20]; thus, the estimation of the proportion of
proliferative cells [21] can be used for clinical purposes [22].

Overall, all the cell phenotypes observed in the PTs were observed in their paired MPEs also,
althought our cohort is small, we noticed some differences in the MPE related their metastasic
origen in the LADC and BC MPE samples. As expected, the percentages of the immune cells in the
PTs compared with the MPEs were different because of the heterogeneity of their locations. The
percentages were probably also influenced by other factors, such as the tumor stage. In the LADC
samples, considering all of the T-cell phenotypes, the CD3+CD8+ cytotoxic T cells were the most
abundant in the PTs and MPEs, although this difference has not been previously described.
Immunosuppressive CD3+PD-1+ antigen-experienced T cells and CD3+FOXP3+CD8res regulatory T
cells were observed in both PTs and MPEs, suggesting an immunosuppressive microenvironment in
both locations [23,24]. It has been demonstrated that the tumor-infiltrating lymphocytes and matched
MPE T cells from patients with advanced NSCLC are less functional than are those from patients
with early-stage NSCLC [23,25,26]. Similar findings have been reported in BC PTs, suggesting similar
regulation of immunosuppression in both types of tumor [27,28].

In general, the LADC PT and MPE samples expressed more CD3+ T cells, CD3+CD8+ cytotoxic
T cells, and CD3+PD-1+ antigen-experienced T cells than did the BC samples, although the BC PT and
MPE samples had more CD68+ macrophages. These comparisons have not been described in the
literature. Also, more CD3+PD-1+ antigen-experienced T cells were found in PTs than in MPEs in
both the BC and LADC samples, and more CD3+FOXP3+CD8rs regulatory T cells were found in PTs
than in MPEs in the BC samples. As was expected, the CD68+ macrophages were the most abundant
population in the LADC and BC MPEs.

The abundance of the CD68+ macrophages suggests their importance in the composition of
MPEs. These cells have an essential function in tumors and metastasis and comprise half of the cell
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population in pleural cavity fluids under physiological conditions [29]. Moreover, studies have
shown that tumor-associated macrophages in PTs are involved in functions such as angiogenesis and
the inhibition of immune cells [30-32]. Interestingly, in our study, the percentage of CD68+
macrophages in the MPE was higher in the BC samples than in the LADC samples; this could be
related to the expression of colony stimulating factor 1 in late-phase BC [29], which would suggest
that tumor-produced colony stimulating factor 1 might also be a paracrine modifier of host immune
function [33].

However, the spatial distribution of the immune cells is a crucial tool to forecast outcomes in
solid tumors; their characterization in MPE is impossible for the lack of stroma component in this
type of material. In this regard, we explore the spatial distribution of immune cells and macrophages
only in the PT samples to see if it can influence MPE development. Our cohort showed that
lymphocytes in the LADC samples were the immune cells closest to the malignant cells, as
demonstrated by Backman et al. [34] and recently by our group in NSCLC samples [35]. In
concordance with previous studies that have shown that, in BC, CD68+ macrophages are closer to
malignant cells in grade 1 than in grades 2 or 3 BC [36] ,we also observed this close proximity of
macrophages to malignant cells predominantly in BC than in LADC PT suggesting the importance
of these cells in BC sample [37].

Comparing the overall spatial distribution of patients’ immune cells and their clinical
information, we found that CD3+ T cells and CD3+PD-1+ antigen-experienced T cells were spatially
closer to malignant cells in lung PTs than in breast PTs and that proximity was associated with shorter
PEFS. Although the role and importance of T lymphocytes in the TME have been described, relatively
few studies have investigated the function of the spatial organization of immune-cell infiltrates in
cancer [38-40] For example, Keren et al. [41] found that both the distance between malignant cells and
immune cells and the patterns of the lymphocytes in the spatial distributions were related to the
prognosis for triple-negative breast cancer. In addition, our group in NSCLC [42] showed that
CD3+CD8+ cytotoxic T cells are closer to malignant cells than other immune cell phenotypes. PD-1+
T cells and regulatory T cells are also relatively close to malignant cells, suggesting an active
interaction with malignant cells. These findings demonstrate that the immune response to malignant
cells may be related to the distance between the malignant and immune cells and their distribution.

Furthermore, we found that a high percentage of CD3+CD8+FOXP3+ cytotoxic/regulatory T cells
in the PT was significantly associated with early MPE. Similarly, Peng et al. [43] reported that, in a
cohort of 122 patients with primary invasive ductal breast cancer, patients with a low CD8* FOXP3+
ratio had better disease-free survival than patients with a high CD8* FOXP3ratio. In addition, Budna
and collaborators [44,45] found that patients with a lower percentage of regulatory T cells lived longer
than those with a higher percentage of these cells; however, these results were not significant.

Recognizing the importance of malignant fluids and researching their composition and tumoral
microenvironment in different cancers could allow us to find therapeutic and prognostic tools from
this typically underutilized or discarded source. Also, the genetic and phenotypic differences
between cancer cells from effusions vs. primary neoplasms should be investigated [46]. Furthermore,
gaining a better understanding of the MPE would be advantageous because the MPE changes
dynamically according to the types and stages of treatment [47] and because the MPE represents a
cross-section of all tumor-infiltrating lymphocytes, whereas the composition of the tumor-infiltrating
lymphocytes in a biopsy sample represents only a small portion of the tumor-infiltrating lymphocytes
in the whole tumor [48]. In our small cohort, we demonstrated there are some similarities between
the PTs and MPEs in BC and LADC, insomuch as the primary site of the cancer influences the
composition of the effusion [49].

Also, we were able to assess the performance of the antibodies included in the MPE panel. Our
work resulted in the identification of several cell phenotypes, showing that we successfully
multiplexed the necessary biomarkers by following our protocol. Our results demonstrate the
practical scalability of our method for studying different aspects of the TME or cellular composition
in paraffin tissues, even when the specimen is a cytological sample such as an MPE [50]. The literature
contains little information regarding the use of mIF in examining cytological samples. Garcia Tobar
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et al. [51] analyzed the microenvironment of advanced NSCLC using specimens obtained using fine-
needle aspiration, but our study is the first to explore the use of mIF in examining the MPE. A larger
study must be done to corroborate our findings and explore other types of metastatic fluids, such as
pleural, ascitic, or pericardial effusions considering that our descriptive study may suggest the
development of a specific microenvironment according to the origin site. Although this was not the
intention of the manuscript, describing the differences in composition between MPE from diverse
sites, could allow us to have a better perspective on future and more extensive studies.

The main limitation of our exploratory analysis was the small number of cases. In addition, the
study was largely descriptive. Also, the patients in this study underwent a variety of chemotherapy
and radiotherapy treatments that could have changed the composition of the MPEs. Because this was
a retrospective study, the cell block preparations of the MPE were in different sizes, so standardizing
the analysis for the same number of ROIs was not possible. In addition, the lung tissue samples were
small, so this may have created some difficulty in the representation of the TME compared with that
of the paired MPE.

5. Conclusions

In summary, our study showed that the immune-cell-phenotype percentages were similar in the
PTs and MPEs for each cancer type but were different for LADC vs. BC. We also found that the close
proximity of CD3+PD-1+ antigen-experienced T cells to malignant cells was associated with shorter
PEFS. Finally, we successfully showed that multiplexed image technology can be used for the
immune profiling of cytological samples such as MPEs.

Because we tested the potential of this technique in a small cohort of matched PT and MPE
samples, future validation using a similar cohort with a large set of patients will be necessary to
corroborate our findings.
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