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Background: Proinflammatory chemokines/cytokines support development and
maturation of tertiary lymphoid structures (TLS) within the tumor
microenvironment (TME). In the current study, we sought to investigate the
prognostic value of TLS-associated chemokines/cytokines (TLS-kines)
expression levels in melanoma patients by performing serum protein and
tissue transcriptomic analyses, and to then correlate these data with patients
clinicopathological and TME characteristics.

Methods: Levels of TLS-kines in patients’ sera were quantitated using a custom
Luminex Multiplex Assay. The Cancer Genomic Atlas melanoma cohort (TCGA-
SKCM) and a Moffitt Melanoma cohort were used for tissue transcriptomic
analyses. Associations between target analytes and survival outcomes,
clinicopathological variables, and correlations between TLS-kines were
statistically analyzed.
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Results: Serum of 95 patients with melanoma were evaluated; 48 (50%) female,
median age of 63, IQR 51-70 years. Serum levels of APRIL/TNFSF13 were
positively correlated with levels of both CXCL10 and CXCL13. In multivariate
analyses, high levels of serum APRIL/TNFSF13 were associated with improved
event-free survival after adjusting for age and stage (HR = 0.64, 95% Cl 0.43-
0.95; p = 0.03). High expression of APRIL/TNFSF13 tumor transcripts was
significantly associated with improved OS in TCGA-SKCM (HR = 0.69, 95% ClI
0.52-0.93; p = 0.01) and in Moffitt Melanoma patients (HR = 0.51, 95% CI: 0.32-
0.82; p = 0.006). Further incorporation of CXCL13 and CXCL10 tumor transcript
levels in a 3-gene index revealed that high APRIL/CXCL10/CXCL13 expression
was associated with improved OS in the TCGA SKCM cohort (HR = 0.42, 95% ClI
0.19-0.94; p = 0.035). Melanoma differentially expressed genes positively
associated with high APRIL/CXCL10/CXCL13 tumor expression were linked to
tumor infiltration by a diverse array of proinflammatory immune cell types.

Conclusion: Serum protein and tumor transcript levels of APRIL/TNFSF13 are
associated with improved survival outcomes. Patients exhibiting high coordinate
expression of APRIL/CXCL10/CXCL13 transcripts in their tumors displayed
superior OS. Further investigation of TLS-kine expression profiles related to
clinical outcomes in larger cohort studies is warranted.

KEYWORDS

tertiary lymphoid structure, lymphoid aggregate, melanoma, APRIL, TNFSF13, cytokine,
chemokine, survival

Introduction

Tertiary lymphoid structures (TLS) are lymphoid cell
aggregates resembling lymph nodes but found in peripheral
tissues impacted by chronic inflammation (1).TLS are frequently
observed in the setting of autoimmune disease, and more recently,
the identification of TLS in tumors at baseline and within on-
treatment tissue samples has been reported to be prognostic of
improved overall survival and patient responsiveness to treatment
with immune checkpoint blockade (ICB) (2-4). In the setting of
resectable melanomas, patients with tumors containing B cells and

Abbreviations: BP, Biological Processes; CC, Cellular Components; CI,
Confidence Interval; DEGs, Differentially Expressed Genes; EFS, Event-free
Survival; GEO, Gene Expression Omnibus; GEP, Gene Expression Profiling;
GO, Gene Ontology; HEV, High Endothelial Venules; HIER, Heat-Induced
Antigen Retrieval; HR, Hazards Ratio; ICB, Immune Checkpoint Blockade;
IQR, Interquartile Range; KEGG, Kyoto Encyclopedia of Genes and Genomes;
LA, Lymphoid Aggregates; LDH, Lactate Dehydrogenase; LLOQ, Lower Limit of
Quantification; LT, Lymphotoxin; MDSC, Myeloid-Derived Suppressor Cells;
MF, Molecular Functions; NSCLC, Non-small Cell Lung Cancer; OS, Overall
Survival; OSCC, Oral Squamous Cell Carcinoma; SKCM, Skin Cutaneous
Melanoma; TCGA, The Cancer Genomic Atlas; TIL, Tumor Infiltrating
Lymphocytes; TME, Tumor Microenvironment; TLS-kines, TLS-associated
chemokines/cytokines; TLS, Tertiary Lymphoid Structures; mIF,

Multispectral Immunofluorescence.
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TLS exhibit superior response to interventional ICB than patients
lacking these immune infiltrates (5).

Neogenesis of TLS and lymph nodes are believed to be driven by
an overlapping, but not identical set of soluble mediators, i.e.,
lymphoid chemokines: CCL19, CCL21, and CXCL13, and lymphoid
cytokines such as lymphotoxin (LT)-o, LT-03, and additional
members of the tumor necrosis factor superfamily. Together, these
TLS-kines and B cell survival factors including APRIL/TNFSF13 and
BAFF/TNFSF13B promote the recruitment and orchestration of T
and B lymphocytes, follicular dendritic cells, and vascular elements
(i.e., high endothelial venules; HEV) in TLS (2, 6).

The anatomic location of TLS is variable in tissues impacted by
cancer, with most of these structures developing in the peritumoral
space. This geographic variability and the varying numbers of TLS in
melanoma patients with multifocal disease have complicated the
reliability of applying tumor tissue imaging techniques as a stand-
alone, comprehensive method to identify/monitor these anatomic
biomarkers in clinical practice (7, 8). A 12-chemokine gene
expression signature including CCL2-5, CCL8, CCL18, CCL19,
CCL21, CXCL9-11, and CXCLI3 has been previously reported to
serve as a predictor for the presence of TLS in melanoma specimens
in association with improved OS (7). While the potential clinical utility
of tissue profiling of TLS-associated chemokines/cytokines (TLS-kines)
transcripts has been described in melanoma patients, serum protein
analyses of TLS-kines as informative biomarkers have not been
analyzed in depth. In the current study, we performed serum protein
and tissue transcriptomic analyses of TLS-kine expression to correlate
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these findings with clinicopathological/immunological characteristics
in a melanoma patients-matched manner, including the presence/
absence of tumor-associated lymphoid aggregates (LA) and TLS i situ.
We observed that melanoma patients with coordinately high serum
levels of APRIL and coordinate high APRIL/CXCL10/CXCL13 we're
associated with improved survival and proinflammatory TME.

Materials and methods
Data source and study population

Patients specimens were obtained from the Melanoma Center
of the University of Pittsburgh Medical Center Hillman Cancer
Center Biospecimen Repository under the IRB-approved University
of Pittsburgh Cancer Institute Melanoma Center Human Biological
Sample and Nevus Image Banking and Analysis Protocol (HCC 96-
99). Patients with a histological diagnosis of melanoma, known
male/female status, age > 18 years old, and availability of serum
banked in the biospecimen repository were included in this study.
Informed consent was obtained prior to biological specimen
collection and banking. Demographic data (age, sex), presence/
absence of baseline autoimmune diseases, clinical data (stage,
location, date of diagnosis, follow-up time, presence/absence of
recurrence/progression/death, lactate dehydrogenase (LDH) levels,
and pathological data (histological subtype, degree of tumor-
infiltrating lymphocytes, Breslow thickness, presence/absence of
ulceration) were collected from electronic medical records and
pathological reports. The Cancer Genomic Atlas melanoma
cohort (TCGA-SKCM) was used for tissue transcriptomic
analyses, with these results then validated using the Moffitt
Melanoma cohort. The characteristics of TCGA SKCM and
Moffitt Melanoma cohorts have been previously described (9).

Analysis of serum TLS-kine protein
levels and their clinical correlates in
melanoma patients

After peripheral blood draw, patient baseline serum was
separated from the clot and immediately aliquoted into sterile
cryovials in a laminar flow hood and frozen at -80°C.
Concentrations of CXCL10, CXCL13, CX3CL1, lymphotoxin-alpha
(LTA), CCL19, CCL21, APRIL/TNFSF13, and BAFF/TNFSF13B
were simultaneously measured in patients sera using a custom
ProcartaPlex panel and Luminex xXMAP technology (ThermoFisher
Scientific) at the University of Pittsburgh Luminex Core Laboratory.

The primary endpoint of this study was event-free survival
measured as time from diagnosis to time of disease recurrence or
progression for resectable vs. unresectable/advanced melanoma,
respectively. Secondary endpoints were overall survival (time from
diagnosis to time of death), and association between TLS-kine levels
and clinicopathological characteristics of disease. Chemokine/cytokine
levels were log-transformed to make their distribution approach
normality. The associations between levels of target analytes and
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event-free survival (recurrence and/or progression) and overall
survival were examined using univariate and multivariate Cox
proportional hazards models. The correlations between analytes and
clinicopathological variables were examined by Spearman rank
correlation coefficient for continuous variables, and Wilcoxon rank-
sum and Kruskal-Wallis tests for categorical variables.

Multispectral immunofluorescence and
image analysis

Formalin-fixed paraffin-embedded tissue was sectioned, and
mounted onto slides (4 microns). Slides were baked in a dry oven
at 60°C, de-paraffinized with xylene and ethanol, and finally re-fixed
in 10% neutral buffered formalin for 15 minutes. Whole slides were
imaged on Vectra Polaris at 20x slides and were prepared according
to manufacturer instructions for MoTIF Vectra panels (Akoya
Biosciences). Slides were manually stained in 1 batch, mounted,
and delivered to the University of Pittsburgh TPIL core facility for
further processing. One section underwent all antigen retrieval
procedures but received no antibody treatment and was used as a
tissue-specific unstained control for estimation of autofluorescence.
Microwave heat-induced antigen retrieval (HIER) was performed,
followed by blocking for 10 minutes. Primary antibodies were
incubated for 30 minutes at room temperature. Secondary
antibodies conjugated to horseradish peroxidase were then added
for 10 minutes. Cells were stained with the following primary
antibody/conjugated opal pairs: PNAd/Opal690, CD4/Opal570,
AID/Opal520, CD21/Opal480, Ki67/Opal620 and CD20/Opal780
(Supplementary Table S1). Nuclei were stained with DAPI and
slides were coverslipped and sealed with Pro-Long Diamond Anti-
fade mounting media (ThermoFisher). Digital whole slide images
were analyzed using Phenochart, and regions with visible TLS-like
structures were selected for downstream analysis. ROIs were loaded
into Akoya’s InForm Image Analysis software. Autofluorescence
was isolated, then a tissue segmentation, cell segmentation, and
phenotyping algorithm were developed using a training set of ROIs.
This algorithm was subsequently applied in batches to all ROIs
selected. Quantification of cell types was performed using the R
package Phenotpr. On the H&E assessment lymphoid aggregates
(LA) were defined as discrete collections of > 50 lymphocytes, and
TLS were defined as LA encompassing HEV and germinal centers.
For mIF assessment, we further distinguished TLS containing
PNAd" HEV and TLS with a germinal centers containing CD21"
FDC networks.

Gene expression profiling of
APRIL/TNFSF13, CCL19, CXCL10 and
CXCL13 associated transcripts in
TCGA-SKCM specimens

Patients clinicopathological and mRNA expression data for
APRIL/TNFSF13, CCL19, CXCL10 and CXCL13 were retrieved
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from the TCGA-SKCM pan-cancer atlas version (n = 448) using the
cBioportal database (https://www.cbioportal.org/). After excluding
patients lacking RNA-seq data or survival data, the selected sample
included 426 patients which was used to assess the association
between GEP profiles for TLS-kines APRIL/TNFSF13, CCLI9,
CXCL10 and/or CXCL13 and patients overall survival (OS). The
median expression for each gene was used as the cut-off point to
classify patients into high and low-expression groups. The
association between GEP of TLS-kines and OS was also studied in
a Moffitt Melanoma cohort (n = 134).

Functional enrichment analyses

To understand the potential significance of APRIL/TNFSF13 in
melanoma, we conducted gene ontology (GO) analyses to assess the
enrichment of biological processes (BP), cellular components (CC),
and molecular function (MF) of positively and negatively co-
expressed genes with APRIL/TNFSF13. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis was
also conducted. In addition, functional enrichment analysis was
performed to identify differentially expressed genes (both up- and
down-regulated genes) in patients with High vs. Low coordinate
expression of CXCL13/TNFSF13/CXCXL10. GO and KEGG
enrichment analyses were carried out using the DAVID
bioinformatics tool (https://david.ncifcrf.gov/home.jsp). Statistical
significance for term enrichment was set at a Benjamini-Hochberg
adjusted p value less than 0.05.

Analysis of patients TME

The infiltration levels of immune cell subsets were identified
using the xCell algorithm (https://xcell.ucsf.edu/), the CIBERSORT
algorithm (https://cibersortx.stanford.edu/) and the TIDE
algorithm was used to quantify myeloid-derived suppressor cells
(MDSC) (http://tide.dfci.harvard.edu/). TLS-kine correlations with
cell infiltration levels were assessed using Spearman’s Rho
correlation coefficient. The expression pattern of TLS-kine genes
in tumor and immune cells was further investigated using single-
cell RNA analysis through the Curated Cancer Cell Atlas (https://
www.weizmann.ac.il/sites/3CA/) (10). We analyzed two single-cell
datasets from the Gene Expression Omnibus (GEO) involving
melanoma patients under the accession numbers GSE115978 and
GSE72056 using the Seurat package.

Results

Melanoma patient baseline characteristics
and serum TLS-kine protein profiling

This study involved serum analyses of 95 melanoma patients.
Forty-eight patients (50%) were females, the median age for all
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patients evaluated was 63, and the interquartile range (IQR) for the
entire cohort was 51-70 years (Table 1).

Most patients had stage IV disease (44 of 95; 46%), followed by
stage I disease (26 of 95; 27%), stage III disease (15 of 95; 16%), and
stage II disease (10 of 95; 11%). Most melanomas (38 of 95; 40%)
had a superficial spreading histology, with 23 patients (24%)
presenting with nodular histology. Thirty melanomas (32%) were
located on the trunk, with 16 (17%) isolated from lower extremities.
Forty-three (45%) patients developed disease recurrence or
progression, with 27 (28%) patients having died without event
with a median follow-up time of 56 months. Overall, 89%, 92%,
82%, and 50% of patients failed to display detectable serum levels of
BAFF/TNFSF13B, CX3CL1, LTo, and CCL21 (defined as < 2 pg/ml,
< 0.5 pg/ml, < 1 pg/ml and <7 pg/ml for the respective analytes)
amongst an initial cohort of 78 melanoma patients evaluated. The
remaining analytes were identified at detectable levels in all patients
analyzed (N = 95), including APRIL/TNFSF13 [median IQR = 584
pg/ml (range 395-803)], CXCL10 [9 pg/ml (6-12)], CXCL13 [78 pg/
ml (56-142)], and CCL19 [156 pg/ml (97-220)]. These latter four
TLS-kines which were detected in patients’ serum over a dynamic
concentration range became the focus of extended analyses.

Correlations between serum TLS-kine
protein levels and patients demographic
and clinicopathological characteristics

Patients’ age was positively correlated with serum levels of
CXCL10 (r = 0.34, p < 0.01) but not with other TLS-kines
evaluated (Figure 1A). There was a trend towards higher serum
levels of CXCL13 amongst male patients (p = 0.0525), with no
significant gender-based differences observed for the other analytes.
The presence of known baseline autoimmune disease (psoriasis,
hypothyroidism, ulcerative colitis, rheumatoid arthritis, celiac
disease, Graves’ disease, systemic lupus erythematosus) was not
associated with (high) patients’ serum levels of any TLS-kine
evaluated in our study (all p > 0.05).

Serum levels of APRIL/TNFSF13, CXCL10 and CXCL13 did
not vary by disease stage (p > 0.05). However, patients’ serum levels
of CCL19 were observed to vary as a function of disease stage (p =
0.02), with the highest levels detected in stage III and IV patients.
Tumors with brisk/non-brisk tumor-infiltrating lymphocytes (TIL)
vs. absence of TIL exhibited significantly higher levels of APRIL/
TNFSF13 (p = 0.01), CCL19 (p = 0.01) and CXCL13 (p = 0.01), but
no such difference was observed for patients’ serum levels of
CXCL10 (p = 0.97) (Figure S1). There was no significant
difference in patients’ serum levels of APRIL, CCL19, CXCL10, or
CXCL13 as a function of melanoma histological subtype. Levels of
serum TLS-kines were not correlated with patients’ levels of LDH, a
marker of systemic tissue pathology. Remarkably, serum levels of
APRIL/TNFSF13 were positively correlated with levels of both
CXCL10 and CXCL13 (r = 0.31 and r = 0.43, respectively; p <
0.01) (Figure 1A). There was also a weaker but significant
correlation between patients’ serum levels of CCL19 and CXCL13
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TABLE 1 Melanoma patient demographics and clinical characteristics.

Variable Median (IQR) or number (%)
Age (years) 63 (51-70)
Gender

Male 47 (50%)

Female 48 (50%)
Autoimmune disease

Yes 20 (21%)

No 75 (79%)
Stage

Stage I 26 (27%)

Stage II 10 (11%)

Stage IIT 15 (16%)

Stage IV 44 (46%)
LDH 188 (170-237)
Location

Trunk 30 (32%)

HN 17 (18%)

LE 16 (17%)

UE 17 (18%)

Other 14 (15%)
Primary treatment

Surgery 43 (45%)

Systemic therapy 52 (55%)

Serum APRIL/TNFSF13 (pg/ml) 584 (395-803)

Serum CCL19 (pg/ml) 156 (97-220)

Serum CXCL10 (pg/ml) 9 (6-12)

Serum CXCLI13 (pg/ml) 78 (56-142)

LDH, Lactate dehydrogenase; HN, Hilar nodes; LE, Lower extremity; UE, Upper extremity;
IQR, Interquartile-range.

(r=0.28, p <0.01). Only serum CXCLI0 levels exhibited significant
differences across patients harboring melanomas with different
mutations (BRAF, CDKN2A, NF, NRAS) (Figure S2A).

Serum APRIL/TNFSF13 levels correlate with
improved event-free survival

In a univariate analysis, increasing patients age (p = 0.019),
disease stage (p = 0.0001) and LDH levels (p = 0.0027) were
negatively associated with patients’ event-free survival.
Conversely, levels of serum APRIL/TNFSF13 were positively
associated with improved patients’ event-free survival (Table 2).
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In a multivariate analysis after adjusting for age and stage, serum
APRIL/TNFSF13 levels remained significantly associated with
improved patients event-free survival (HR = 0.48, 95% CI 0.31-0.78; p
=0.025). In a multivariate analysis, age and disease stage were associated
with worse overall survival, and elevated serum APRIL/TNESF13 levels
trended as being associated with improved overall survival (p = 0.056).
LDH was initially included in the multivariate model but was found to
be uninformative above age, stage and APRIL expression (HR: 1.03, p =
0.7507). There were no significant associations identified between serum
levels of the individual chemokines CCL19, CXCL10 or CXCL13 and
patients’ event-free or overall survival.

Coordinate expression of APRIL/TNFSF13,
CXCL10 and CXCL13 transcripts is
associated with superior patient overall
survival in the TCGA-SKCM cohort

CCL19, CXCL10, and CXCL13 transcript expression levels were
significantly associated with tumor stage (lowest levels in stage 2) in
the TCGA-SKCM cohort (Figure 1B). Each of these TLS-kines were
significantly positively correlated with each other, with CXCLI10 and
CXCL13 having the highest correlation coefficient in paired
comparisons (Pearson’s r = 0.783, p < 0.001) (Figure 1C). BRAF
mutated patients had significantly higher expression of APRIL/
TNFSF13 and CXCLI0 in comparison to BRAF wild-type patients,
while NRAS wild-type patients had higher expression of TNFSFI13
in comparison to patients with melanomas harboring NRAS
mutations (Figure S2B). High expression of APRIL/TNFSF13 (HR
=0.72, 95% CI: 0.55-0.94, p = 0.017), CXCL10 (HR = 0.51, 95% CI:
0.39-0.68; p < 0.0001) and CXCL13 (HR = 0.58, 95% CI: 0.44-0.76; p
<0.0001) were significantly associated with improved OS in TCGA-
SKCM patients (Figures 2A-C). Whereas CCL19 expression did not
show any significant association with survival (HR = 0.83, 95% CI:
0.63-1.09, p = 0.187) (Figure 2D). In multivariable analyses after
adjusting for age and stage, APRIL/TNFSF13 remained significantly
associated with OS (HR = 0.69, 95% CI 0.52-0.93; p = 0.014)
(Figure 2E). High expression of APRIL/TNFSF13 was also
significantly associated with improved OS in Moffitt melanoma
patients (APRIL/TNFSF13: HR = 0.51, 95% CI: 0.32-0.82; p = 0.006)
(Figure 2F). A multivariable overall survival model was then
constructed to assess the prognostic performance of the
coordinate expression of CXCLI3 and other TLS-kines with
significant OS associations in univariable analyses (APRIL/
TNFSF13, CXCL10) as well as age and stage adjustment. CXCL13
was used as the core for each of the combinations based on its
established role in (mature) TLS formation. We determined that the
3-gene index of APRIL/TNFSF13, CXCL10 and CXCL13 was the
only significant classification after multivariable adjustment (HR =
0.42, CI: 0.19-0.94; p = 0.035) (Figure 2G; Supplementary Table S2).
These data suggest that amongst the TLS-kines evaluated,
coordinate high expression of APRIL/TNFSF13, CXCLIO and
CXCL13 transcripts may represent a minimal TLS-kine index
predictive of superior OS in melanoma patients.
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FIGURE 1

Intervariable correlation between serum and tissue transcripts of TLS-kines and patients clinical indices. (A) Scatterplot matrix showing correlation
between individual TLS-kines levels, LDH serum levels or patients Age. The y-axis in each plot representing age (row 1), LDH levels (row 2), CCL9
(row 3). APRIL (row 4), CXCL13 (row 5), CXCL10 (row 6) and the x-axis being the intersecting factor from adjacent rows. Red numbers highlight
significant correlations (p < 0.01), blue numbers are not significant. (B) Box plots illustrating TLS-kines expression based on patients’ AJCC stage.
CCL19, CXCL10 and CXCL13 transcript expression levels were significantly associated with tumor stage in the TCGA-SKCM cohort. P values were
determined using the analysis of variance test (ANOVA). All p values < 0.05 were considered as significant. (C) Correlation of individual TLS-kine
transcript levels with each other. Correlation matrix showing the association between TLS-kines in the TCGA-SKCM cohort. * p <.05, ** p <.01, *** p
<.001. Each of these TLS-kines was significantly positively correlated with each other, with CXCL10 and CXCL13 having the highest correlation

coefficient for coexpression (Pearson’s r = 0.783, p < 0.001).

APRIL/TNFSF13- and combined TNFSF13/
CXCL10/CXCL13-associated functional
gene enrichment analyses

Genes coordinately expressed with APRIL/TNFSF13 were
identified through cBioportal (Supplementary Table S3). The top
10 genes positively correlated with APRIL/TNFSF13 expression in
the TME included CD4, ITGAM, SLC7A7, LAIR1, ITGB2, SELPLG,
TMEM176B, HCK, TMEM176A, and CYTH4, while the top 10
negatively correlated genes were COA7, WDR43, NCL, PAICS,
WDRI12, NOLCI, TEX10, EXOSC2, MSANTD3 and CCDC43. GO
analyses for the top 100 positively correlated genes linked to APRIL/
TNFSF13 revealed enrichment for several terms including the BP
terms ‘positive regulation of T cell activation’ and ‘antigen
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processing and presentation of exogenous peptide antigen via
MHC class IT, the CC terms ‘MHC class II protein complex’ and
‘immunological synapse” and the MF terms ‘MHC class II protein
complex binding’ and ‘signaling receptor activity’, while KEGG
pathway analyses identified ‘Antigen processing and presentation’,
‘Cell adhesion molecules’ pathways to be significantly enriched
(Supplementary Table S4; Figure S3A). Among the top 100
negatively correlated genes associated with APRIL/TNFSF13
transcript expression, the BP term ‘TRNA processing’, the CC
terms ‘mitochondrion’, the MF term ‘RNA binding’, as well as the
KEGG pathway ‘Ribosome biogenesis in eukaryotes’ were
significantly enriched (Supplementary Table S4; Figure S3B).
Following gene differential expression analysis for patients with
TNFSF13/CXCL10/CXCL13 high and low expression, the top 10
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TABLE 2 Univariate proportional hazards regression for event - free survival.

10.3389/fimmu.2023.1171978

Covariate HR 95% Cl p-value
Age 1.63 1.08 - 2.45 0.0188
Gender Male 1.47 0.80 - 2.69 0.2109
Stage 1.3 0.26 — 6.45

11 37 1.03 - 13.26

0.0001

111 9.49 3.18 - 28.36

v
LDH 1.32 1.10 - 1.60 0.0027
Treatment Surgery 0.14 0.06 - .33 <0.0001
Location 1.05 0.46 - 2.40

HN 0.45 0.16 - 1.24

LE 0.49 021 - 1.12 0.1934

UE 128 0.42 - 3.84

Other
Serum APRIL/TNFSF13 0.64 0.43 - 0.95 0.0285
Serum CCL19™ 12 0.88 - 1.64 0.2453
Serum CXCL10™ 1213 0.91 - 1.42 0.2616
Serum CXCL13™ 0.81 0.59 - 1.10 0.1785

LDH, Lactate dehydrogenase; HN, Hilar nodes; LE, Lower extremity; UE, Upper extremity.

upregulated and downregulated genes are shown in Supplementary
Table S5. GO analyses for the combined TNFSF13/CXCLI10/
CXCLI13 high patients cohort revealed enrichment for several
terms in upregulated genes including the BP terms ‘B cell
activation’, ‘positive regulation of T cell proliferation’, and
‘positive regulation of interferon-gamma production’, the CC
terms ‘MHC class II protein complex’ and ‘immunological
synapse’ and the MF terms ‘C-C chemokine receptor activity’ and
‘MHC class II receptor activity’, and KEGG pathway ‘cytokine-
cytokine receptor interaction’, ‘Thl, Th2, and Thl7 cell
differentiation’ (Figure 3A). Among downregulated genes
associated with high TNFSF13/CXCL10/CXCL13 co-expression,
the BP term ‘sensory perception of mechanical stimulus’, the CC
terms ‘cholinergic synapse’, ‘neuron projection membrane’, ‘GABA
receptor complex’ as well as the MF term ‘postsynaptic
neurotransmitter receptor activity’ were enriched (Figure 3B).

High expression of APRIL/CXCL10/CXCL13
in tumors is linked to elevated
proinflammatory immune cell infiltration

Each of the individual TLS-kines were significantly positively
correlated with levels of melanoma infiltration by CD8" T cells, with
CXCL13 having the strongest association (r = 0.7) (Figure 4A).
APRIL/TNFSF13 expression was significantly positively correlated
with tumor content of M1 macrophages (r = 0.5, p < 0.0001),
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myeloid DCs (r = 0.42, p < 0.0001) and negatively correlated with
MDSC (r = -0.52, p < 0.0001) content. Class-switching memory B
cells and DCs (both plasmacytoid and myeloid) were also strongly
correlated with levels of TLS-kine transcripts in the TME
(Figure 4B). The expression of APRIL/TNFSF13 was positively
correlated with that of its receptors TACI/TNFSFRI3B (r = 0.31,
p < 0.0001) and BCMA/TNFSFR17 (r = 0.30, p < 0.0001) and with
BAFF/TNFSF13B (r = 0.40, p < 0.0001) in the TCGA cohort
(Figure 4B), suggestive of the operational relevance of these
biologic circuits in situ. Melanoma patients with coordinately
high expression of the TNFSF13, CXCL10, and CXCL13 exhibited
significantly higher infiltration by core TLS cell populations
including naive B cells, plasma cells, CD8" T cells and M1
macrophages, while melanomas deficient in TNFSF13/CXCL10/
CXCLI3 transcripts were enriched in M2 macrophages and mast
cells (Figure 4C). Single-cell RNh21A sequence data supported in
situ expression of APRIL/TNFSF13 predominantly by tumor-
associated macrophages (Figures S4A, B), a finding which was
consistently observed across a range of alternate solid tumor types
(Figure S4C). CXCL10 was also expressed predominantly by
macrophages in the TME, while CXCLI3 was mainly expressed
by CD8" TIL (Figures S4D, E).

In an exploratory fashion, we further studied melanomas from 5
patients with coordinately elevated serum levels of TNFESF13 and
CXCL10 or CXCL13. Tumors from each of these patients contained
LA and/or TLS, with a distribution of 27.1% TLS, 4.17% TLS with
germinal centers, and 68.75% LA observed in a total of 48 melanoma
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FIGURE 2

The expression of TLS-kines in association with patients clinical outcome. Kaplan Meier plots depicting OS probability for TCGA-SKCM (n = 426)
patients stratified based on expression of (A) APRIL/TNFSF13, (B) CXCL10, (C) CXCL13 or (D) CCL19. High expression of APRIL/TNFSF13 (HR: 0.72
95%, Cl: 0.55-0.94; p = 0.018), CXCL13 (HR: 0.58 95%, Cl: 0.44-0.76; p < 0.001), CXCL10 (HR: 0.51, 95% CI: 0.39-0.68; p < 0.001) were significantly
associated with improved OS in TCGA-SKCM patients. (E) Cox multivariable model after adjusting for age, AJCC stage and APRIL/TNFSF13
expression. (F) Kaplan Meier plot of APRIL/TNFSF13 expression in Moffit cohort. High expression showed a significant better OS than lower
expression (p-value < 0.05). (G) Forest plot for the Cox proportional hazard model when adjusting for CXCL13, APRIL/TNFSF13, the average
expression groups of CXCL13 + APRIL/TNFSF13, the average expression groups of CXCL13 + APRIL/TNFSF13 + CXCL10, AJCC Stage and age. The
average expression of the combined gene signature APRIL/TNFSF13 + CXCL10 + CXCL13 showed an independent prediction of OS along with age

and AJCC stage (p-value < 0.05).
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terms for BP, CC, MF and KEGG pathways for upregulated (A) and downregulated (B) genes in PTs with high TNFSF13/CXCL10/CXCL13 transcript

expression.

tissue sections evaluated (Supplementary Table S6; Figure S5). While all
5 patients also demonstrated > lower limit of quantification (LLOQ)
levels of CCL19, only two patients had detectable levels of CCL21, only
one patient had a >LLOQ level of BAFF/TNESF13B, and none of these
patients had detectable serum levels of CX3CL1. Hence, this small pilot
study supports a paradigm for studying expression of a 3 TLS-kine
index (APRIL/TNESF13, CXCL10 and CXCL13) in serum that may
predictive presence of histologically defined LA and/or TLS in the TME
of melanoma patients.

Together these data suggest that 3-component index that
integrates high expression of APRIL/TNESF13, CXCL10, and
CXCL13 transcripts in tumor are associated with superior
melanoma patients' survival and a pro-inflammatory TME
supportive of LA and /or TLS.
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Discussion

This study investigated clinical correlates of TLS-associated
cytokines/chemokine expression levels in serum (protein) and
tumor (transcript) specimens isolated from patients with
melanoma. Our work revealed that serum level of APRIL/
TNESF13, but not CCL19, CXCL10 or CXCL13 when considered
as single analytes, was associated with improved event-free survival
(EFS) in patients with melanoma. Serum level of APRIL/TNFSF13
remained significantly associated with EFS and trended to be
associated with OS after adjusting for age and stage. High APRIL/
TNFSF13 transcript expression was also significantly associated
with improved OS in both the TCGA SKCM and Moffitt
Melanoma patient cohorts.
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TLS-kine gene expression correlates in the melanoma TME. (A) TLS-kine correlation with the infiltration levels of adaptive immune cells in patient
melanoma specimens. (B) Scatter plot demonstrating the association between TLS-kine gene transcripts and the infiltration level of immune cells of
interest assessed using the xCell algorithm and the TIDE algorithm for MDSCs. Correlation r and p values are depicted on the figure. CXCL13
expression was positively correlated with CD8" T cell and plasmacytoid dendritic cell (pDCs) content in the TME. CXCL10 expression was positively
correlated with CD8" T cell content in melanomas. CCL19 expression was positively correlated with tumor-infiltrating levels of class-switched
memory B cells. APRIL/TNFSF13 expression was significantly positively correlated with tumor content of M1 macrophages, myeloid dendritic cells
(mDCs), and expression of BAFF, TACI and BCMA, but negatively correlated with MDSC content. (C) A heat map reveals immune cell infiltration type
using the CIBERSORT deconvolution algorithm with statistically significant differences amongst high patients exhibiting high vs. low coordinate
expression of APRIL/TNFSF13 + CXCL10 + CXCL13.
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A proliferation-inducing ligand (APRIL/TNFSF13/CD256) is a
member of the TNFSF superfamily of molecules. APRIL/TNFSF13
and BAFF/TNFSF13B bind to the TACI/TNFSFR13B and BCMA/
TNESFR17 receptors, and play major roles in the recruitment,
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maturation, differentiation and survival of B cells, as well as the
anti-tumor efficacy of DCs (11-13). APRIL/TNFSF13 is expressed
by macrophages, lymphoid cells, as well as tumor cells and
keratinocytes, and interestingly, expression of APRIL/TNFSFI3 is
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commonly downregulated in progressive melanomas when
compared to normal skin tissue (13, 14). In support of our
results, APRIL/TNFSF13 was recently identified as one of 8 genes
associated with improved prognosis of patients with melanoma
based on analyses of TCGA and GEO databases (15). Although not
detectable in the serum of most patients in our study, BAFF/
TNESF13B has been reported to suppress melanoma growth by
potentiating Type-1 monocytes, activated T cells and local
production of proinflammatory cytokines while mitigating the
suppression mediated by regulatory cell populations, leading to
enhanced anti-tumor immunity in melanoma models (16, 17).
Differentially expressed genes (DEGs) in melanomas that were
positively associated with APRIL/TNFSF13 expression included the
immune cell biomarkers (CD4, CDI11b/ITGAM, LAIRI, LFA-1/
ITGB2) and several genes linked to immune cell infiltration of
tumors, including CYTH4, SLC7A7/LATI, SELPLG, TMEMI76A,
and TMEM176B. The CD11b/ITGAM integrin is expressed by
macrophages, granulocytes, and subsets of NK cells, B cells, and
CD8" T cells and its expression is prognostic of improved patient
response to ICB in lung cancer patients (18-20). LAIRI expression
has been reported to be prognostic of improved clinical outcomes in
patients with advanced melanoma and with macrophage content in
the TME (21, 22). LFA-1/ITGB2 is an important immune cell
integrin that is a biomarker of tumor inflammatory infiltrates (20).
In the setting of ovarian carcinoma, CYTH4 expression is linked to
tumor-infiltrating immune cell content and local expression of
proinflammatory chemokines and antigen-presentation machinery
in the TME (23). SLC7A7/LATI is a biomarker of superior immune
infiltration (B cells, CD4" and CD8" T cells, DCs, macrophages, and
neutrophils) and improved clinical outcomes in patients with non-
small cell lung cancer (NSCLC) (24). Expression of SELPLG (P
selectin ligand) in the TME is correlated with increased melanoma
infiltration by B cells, CD4" and CD8" T cells, DCs, and macrophages
(25). TMEM17A and TMEM176B are tumor suppressor genes whose
expression is positively correlated with increased T cell infiltration
and better overall survival in patients with melanoma or gastric
cancer (26-28). Melanoma DEGs negatively associated with APRIL/
TNFSF13 expression included known oncogenes correlated to poor
clinical outcomes such as NCL/nucleolin, NOLC, WDRI12, and
WDR43 (29-32). CCDC43 expression is predictive of poor
prognosis and metastatic spread in patients with colorectal cancer,
gastric cancer or oral squamous cell carcinoma (OSCC) (33-35). In
patients with OSCC, high expression of CCDC43 correlates with
reduced tumor infiltration by B cells, DCs, CD8" T cells and natural
killer T cells (35). EXOSC2 has been reported to represent a
biomarker of poor clinical prognosis and reduced response to
interventional therapy with ICB in NSCLC patients (36). NOLCI,
PAICS, and TEXI0 expression are associated with cancer stemness,
poor prognosis, and resistance to interventional chemo/radiotherapy
in patients with breast cancer, esophageal cancer, hepatocellular
carcinoma or melanoma (25, 37-41). These data support an
APRIL/TNFSF13-enriched TME as proinflammatory and
characteristic of extended EFS/OS, while an APRIL/TNFSF13-
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deficient TME excludes immune cells in support of disease
progression and poor clinical outcome. These findings were
confirmed for serum levels of APRIL/TNFSF13 which were
increased in patients with tumors containing brisk or non-brisk
TIL vs. absent, but were not correlated with disease stage,
histological subtypes of melanoma, or circulating levels of LDH.
The patients with high coordinate expression of TNFSF13/CXCL10/
CXCL13 as opposed to CXCL13 alone (which has previously served as
a surrogate biomarker for TLS formation) (4, 42) exhibited superior
OS. Notably, high coordinate expression of the TNFSFI13/CXCL10/
CXCL13 transcripts in melanomas was correlated with an increased
presence of naive B cells, plasma B cells, CD8" T cells, and M1
macrophages and decreased levels of M2 macrophages and mast cells
as well as a reduced neural network gene signature. This latter aspect
is intriguing given recent publications reporting the
immunoregulatory nature of sensory neurons which may
operationally prevent TLS formation in the melanoma TME in vivo
(43, 44).

Overall, these data support further investigation of coordinate
APRIL/TNFSF13, CXCL10 and CXCL13 expression at the serum
protein and tumor transcript levels as indices for monitoring LA/
TLS status in patients’ melanomas at baseline vs. on-treatment with
interventional (immune)therapies as predictors of favorable clinical
outcomes. Further prospective validation of these findings to reach
definitive conclusions in larger cohort studies is warranted.

Data availability statement

The original contributions presented in the study were obtained
from TCGA-SKCM cohort and Mofhitt melanoma cohort, further
inquiries can be directed to the corresponding authors.

Ethics statement

The studies involving human participants were reviewed and
approved by University of Pittsburgh IRB, Moffitt Cancer Center
IRB. Written informed consent for participation was obtained from
patients under 96-099 protocol.

Author contributions

LK, JK, WS: conceptualization, designed experiments, data
interpretation, overseeing the overall project, initial writing of
manuscript, final writing and editing the manuscript. HA, AA,
RD: data analysis (TCGA SCKM). AC, ZT: data analysis (Moffitt
Melanoma cohort). WG: data analysis (Pittsburgh cohort). CS, SK,
IM, AKn, XY: collection of data, data review, performance of
experiments. AL, AKa, DDe: pathology slide review. YN, DDa, JL,
JK: provision of study materials. JL, TB: provision of scientific
insight. All authors performed final writing, review and editing of
the manuscript.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1171978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Karapetyan et al.

Funding

This work was supported by NIH P01 CA234212-01A1 (WS).
LK acknowledges receiving a grant from ASCO Conquer
Cancer Foundation.

Conflict of interest

The authors report no competing interests relevant to this work.
Outside of this work: JL reports the following disclosures: DSMB:
Abbvie, Immutep, Evaxion; Scientific Advisory Board: no stock 7
Hills, Affivant, Bright Peak, Exo, Fstar, Inzen, RefleXion, Xilio stock
Actym, Alphamab Oncology, Arch Oncology, Duke Street Bio,
Kanaph, Mavu, NeoTx, Onc.Al, OncoNano, physIQ, Pyxis, Saros,
STipe, Tempest; Consultancy with compensation: Abbvie, Agenus,
Alnylam, Atomwise, Bayer, Bristol-Myers Squibb, Castle,
Checkmate, Codiak, Crown, Cugene, Curadev, Day One, Eisai,
EMD Serono, Endeavor, Flame, G1 Therapeutics, Genentech,
Gilead, Glenmark, HotSpot, Kadmon, KSQ, Janssen, Ikena, Inzen,
Immatics, Immunocore, Incyte, Instil, IO Biotech, Macrogenics,
Merck, Mersana, Nektar, Novartis, Partner, Pfizer, Pioneering
Medicines, PsiOxus, Regeneron, Replimmune, Ribon, Roivant,
Servier, STINGthera, Synlogic, Synthekine; Research Support: all
to institution for clinical trials unless noted AbbVie, Astellas,
Astrazeneca, Bristol-Myers Squibb, Corvus, Day One, EMD
Serono, Fstar, Genmab, Ikena, Immatics, Incyte, Kadmon, KAHR,
Macrogenics, Merck, Moderna, Nektar, Next Cure, Numab,
Palleon, Pfizer, Replimmune, Rubius, Servier, Scholar Rock,
Synlogic, Takeda, Trishula, Tizona, Xencor; Patents: both
provisional Serial #15/612,657 Cancer Immunotherapy, PCT/
US18/36052 Microbiome Biomarkers for Anti-PD-1/PD-L1
Responsiveness: Diagnostic, Prognostic and Therapeutic Uses
Thereof. DDa reports the following disclosures: Arcus, Bristol-
Myers Squibb, Checkmate Pharmaceuticals, CellSight
Technologies, Merck, GlaxoSmithKline/Tesaro research support;
Array Biopharma, Checkmate Pharmaceuticals, Finch, Incyte,
Immunocore, Merck; Shionogi consulting; and Vedanta
Biosciences scientific advisory board. YN reports the following
disclosures: Merck, Pfizer, and Bristol-Myers Squibb research

References

1. Sautés-Fridman C, Petitprez F, Calderaro J, Fridman WH. Tertiary lymphoid
structures in the era of cancer immunotherapy. Nat Rev Cancer (2019) 19:307-25. doi:
10.1038/541568-019-0144-6

2. Schumacher TN, Thommen DS. Tertiary lymphoid structures in cancer. Science
(2022) 375:eabf9419. doi: 10.1126/science.abf9419

3. Ruffin AT, Cillo AR, Tabib T, Liu A, Onkar S, Kunning SR, et al. B cell signatures
and tertiary lymphoid structures contribute to outcome in head and neck squamous cell
carcinoma. Nat Commun (2021) 12:3349. doi: 10.1038/s41467-021-23355-x

4. Petitprez F, de Reyniés A, Keung EZ, Chen TW-W, Sun C-M, Calderaro J, et al. B
cells are associated with survival and immunotherapy response in sarcoma. Nature
(2020) 577:556-60. doi: 10.1038/s41586-019-1906-8

5. Helmink BA, Reddy SM, Gao ], Zhang S, Basar R, Thakur R, et al. B cells and tertiary
lymphoid structures promote immunotherapy response. Nature (2020) 577:549-55. doi:
10.1038/541586-019-1922-8

Frontiers in Immunology

12

10.3389/fimmu.2023.1171978

support. Array Biopharma, Merck, Novartis, InterVenn Bio
consulting/scientific advisory board. Pfizer, Immunocore speaker’s
bureau. CE Speakers’ Bureau: Medical Learning Group MLG. JK
reports the following disclosures: Honoraria: Bristol Myers Squibb
Consulting or Advisory Role: Novartis, Amgen, Harbor BioMed,
Istari Oncology, Scopus BioPharma, Pfizer, AXIO Research,
Immunocore, Natera, DermTech, Ankyra Therapeutics, Becker
Pharmaceutical Consulting, Fenix Group International, IQVIA,
Merck, Replimune, SR One Capital Management, Iovance
Biotherapeutics, Checkmate Pharmaceuticals, OncoSec,
OncoCyte, Cancer Network, Takeda, Applied Clinical
Intelligence. Research Funding: Amgen Inst, Bristol Myers Squibb
Inst, Checkmate Pharmaceuticals Inst, Immunocore Inst, Iovance
Biotherapeutics Inst, Novartis Inst, ImmVira Inst, Harbor BioMed
Inst, Takeda Inst, Verastem Inst. TB reports the following
disclosures: Walking Fish Therapeutics Scientific Advisory Board.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The reviewer PK declared a past collaboration with the author
WIS to the handling editor.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1171978/
full#supplementary-material

6. Ruddle NH. Lymphatic vessels and tertiary lymphoid organs. J Clin Invest (2014)
124:953-9. doi: 10.1172/JCI71611

7. Messina JL, Fenstermacher DA, Eschrich S, Qu X, Berglund AE, Lloyd MC, et al. 12-
chemokine gene signature identifies lymph node-like structures in melanoma: potential for
patient selection for immunotherapy? Sci Rep (2012) 2:765. doi: 10.1038/srep00765

8. Lynch KT, Young SJ, Meneveau MO, Wages NA, Engelhard VH, Slingluff CL Jr, et al.
Heterogeneity in tertiary lymphoid structure b-cells correlates with patient survival in
metastatic melanoma. J Immunother Cancer (2021) 9(6). doi: 10.1136/jitc-2020-002273

9. Thompson ZJ, Teer JK, Li J, Chen Z, Welsh EA, Zhang Y, et al. Drepmel-a multi-omics
melanoma drug repurposing resource for prioritizing drug combinations and understanding
tumor microenvironment. Cells (2022) 11(18):2894. doi: 10.3390/cells11182894

10. Jerby-Arnon L, Shah P, Cuoco MS, Rodman C, Su M-J, Melms JC, et al. A cancer
cell program promotes T cell exclusion and resistance to checkpoint blockade. Cell
(2018) 175:984-997.e24. doi: 10.1016/j.cell.2018.09.006

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1171978/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1171978/full#supplementary-material
https://doi.org/10.1038/s41568-019-0144-6
https://doi.org/10.1126/science.abf9419
https://doi.org/10.1038/s41467-021-23355-x
https://doi.org/10.1038/s41586-019-1906-8
https://doi.org/10.1038/s41586-019-1922-8
https://doi.org/10.1172/JCI71611
https://doi.org/10.1038/srep00765
https://doi.org/10.1136/jitc-2020-002273
https://doi.org/10.3390/cells11182894
https://doi.org/10.1016/j.cell.2018.09.006
https://doi.org/10.3389/fimmu.2023.1171978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Karapetyan et al.

11. Shurin MR, Ma Y, Keskinov AA, Zhao R, Lokshin A, Agassandian M, et al.
BAFF and APRIL from activin a-treated dendritic cells upregulate the antitumor
efficacy of dendritic cells in vivo. Cancer Res (2016) 76:4959-69. doi: 10.1158/0008-
5472.CAN-15-2668

12. Aggarwal BB, Gupta SC, Kim JH. Historical perspectives on tumor necrosis
factor and its superfamily: 25 years later, a golden journey. Blood (2012) 119:651-65.
doi: 10.1182/blood-2011-04-325225

13. Kampa M, Notas G, Stathopoulos EN, Tsapis A, Castanas E. The TNFSF
members APRIL and BAFF and their receptors TACI, BCMA, and BAFFR in
oncology, with a special focus in breast cancer. Front Oncol (2020) 10:827. doi:
10.3389/fonc.2020.00827

14. Mhawech-Fauceglia P, Kaya G, Sauter G, McKee T, Donze O, Schwaller J, et al. The
source of APRIL up-regulation in human solid tumor lesions. J leukocyte Biol (2006) 80:697-
704. doi: 10.1189/j1b.1105655

15. Huang R, Mao M, Lu Y, Yu Q, Liao L. A novel immune-related genes prognosis
biomarker for melanoma: associated with tumor microenvironment. Aging (2020)
12:6966-80. doi: 10.18632/aging.103054

16. Liu W, Stachura P, Xu HC, Varaljai R, Shinde P, Ganesh NU, et al. BAFF
attenuates immunosuppressive monocytes in the melanoma tumor microenvironment.
Cancer Res (2022) 82:264-77. doi: 10.1158/0008-5472.CAN-21-1171

17. Yarchoan M, Ho WJ, Mohan A, Shah Y, Vithayathil T, Leatherman J, et al.
Effects of b cell-activating factor on tumor immunity. JCI Insight (2020) 5(10). doi:
10.1172/jci.insight. 136417

18. Schmid MC, Khan SQ, Kaneda MM, Pathria P, Shepard R, Louis TL, et al. Integrin
CD11b activation drives anti-tumor innate immunity. Nat Commun (2018) 9:5379. doi:
10.1038/s41467-018-07387-4

19. Park S, Sim H, Kim HI, Jeong D, Wu G, Cho SY, et al. CD11b regulates antibody
class switching via induction of AID. Mol Immunol (2017) 87:47-59. doi: 10.1016/
j.molimm.2017.04.005

20. Liu X, Shang X, Li ], Zhang S. The prognosis and immune checkpoint blockade
efficacy prediction of tumor-infiltrating immune cells in lung cancer. Front Cell Dev
Biol (2021) 9:707143. doi: 10.3389/fcell.2021.707143

21. Keerthivasan S, Senbabaoglu Y, Martinez-Martin N, Husain B, Verschueren E,
Wong A, et al. Homeostatic functions of monocytes and interstitial lung macrophages
are regulated via collagen domain-binding receptor LAIR1. Immunity (2021) 54:1511-
1526.¢8. doi: 10.1016/j.immuni.2021.06.012

22. Yang LL, Zhang MJ, Wu L, Mao L, Chen L, Yu G, et al. LAIR-1 overexpression
and correlation with advanced pathological grade and immune suppressive status in
oral squamous cell carcinoma. Head Neck (2019) 41:1080-6. doi: 10.1002/hed.25539

23. Zhang Q, Wang Q, Wu S, Zhang J. Clinical implication and immunological
characterisation of the ARF-GEF family member CYTH4 in ovarian cancer.
Autoimmunity (2020) 53:434-42. doi: 10.1080/08916934.2020.1836487

24. Dai W, Feng J, Hu X, Chen Y, Gu Q, Gong W, et al. SLC7A7 is a prognostic
biomarker correlated with immune infiltrates in non-small cell lung cancer. Cancer Cell
Int (2021) 21:106. doi: 10.1186/s12935-021-01781-7

25. Chen J, Hu S, Wang H, Zhao T, Song Y, Zhong X, et al. Integrated analysis
reveals the pivotal interactions between immune cells in the melanoma tumor
microenvironment. Sci Rep (2022) 12:10040. doi: 10.1038/s41598-022-14319-2

26. Guo Y, Cao F, Hu S, Liu S, Sun H, Li A, et al. TMEMI176A acts as a tumor
suppressor gene in pancreatic cancer by inhibiting ERK signaling. Discovery Med
(2020) 30:145-53.

27. Jiang L, Yang Y, Liu F, Ma M, Gao J, Sun L, et al. A potential diagnostic and
prognostic biomarker TMEM176B and its relationship with immune infiltration in skin
cutaneous melanoma. Front Cell Dev Biol (2022) 10:859958. doi: 10.3389/
fcell.2022.859958

Frontiers in Immunology

13

10.3389/fimmu.2023.1171978

28. Sun L, Zhang Y, Zhang C. Distinct expression and prognostic value of
MS4A in gastric cancer. Open Med (Wars) (2018) 13:178-88. doi: 10.1515/med-2018-0028

29. Mourmouras V, Cevenini G, Cosci E, Epistolato MC, Biagioli M, Barbagli L,
et al. Nucleolin protein expression in cutaneous melanocytic lesions. J Cutan Pathol
(2009) 36:637-46. doi: 10.1111/j.1600-0560.2008.01126.x

30. Wu CY, Li L, Chen SL, Yang X, Zhang CZ, Cao Y. A Zic2/Runx2/NOLC1
signaling axis mediates tumor growth and metastasis in clear cell renal cell carcinoma.
Cell Death Dis (2021) 12:319. doi: 10.1038/s41419-021-03617-8

31. Li JL, Chen C, Chen W, Zhao L, Xu X, Li Y, et al. Integrative genomic analyses
identify WDRI2 as a novel oncogene involved in glioblastoma. J Cell Physiol (2020)
235:7344-55. doi: 10.1002/jcp.29635

32. Sun H, Sun Q, Qiu X, Zhang G, Chen G, Li A, et al. WD repeat domain 43
promotes malignant progression of non-small cell lung cancer by regulating CDK2. Int
J Biochem Cell Biol (2022) 151:106293. doi: 10.1016/j.biocel.2022.106293

33. Wang], Liu G, Liu M, Xiang L, Xiao Y, Zhu H, et al. The FOXK1-CCDC43 axis
promotes the invasion and metastasis of colorectal cancer cells. Cell Physiol Biochem
(2018) 51:2547-63. doi: 10.1159/000495924

34. Wang ], Wu X, Dai W, Li J, Xiang L, Tang W, et al. The CCDC43-ADRMI1 axis
regulated by YY1, promotes proliferation and metastasis of gastric cancer. Cancer Lett
(2020) 482:90-101. doi: 10.1016/j.canlet.2020.03.026

35. Wang Z, Zhang H, Zhai Y, Li F, Shi X, Ying M. Single-cell profiling reveals
heterogeneity of primary and lymph node metastatic tumors and immune cell populations
and discovers important prognostic significance of CCDC43 in oral squamous cell carcinoma.
Front Immunol (2022) 13:843322. doi: 10.3389/fimmu.2022.843322

36. Gao C, GuX, Chen'Y, Zhou M, Jiang F, Zheng S, et al. Identification of potential
prognostic and predictive biomarkers for immune-checkpoint inhibitor response in
small cell lung cancer. Med Sci Monit (2021) 27:¢932275. doi: 10.12659/MSM.932275

37. Luo S, Wang W, Feng J, Li R. TEX10 promotes the tumorigenesis and
radiotherapy resistance of urinary bladder carcinoma by stabilizing XRCC6. |
Immunol Res (2021) 2021:5975893. doi: 10.1155/2021/5975893

38. KongF, Shang Y, Diao X, Huang J, Liu H. Knockdown of NOLC1 inhibits PI3K-
AKT pathway to improve the poor prognosis of esophageal carcinoma. J Oncol (2021)
2021:9944132. doi: 10.1155/2021/9944132

39. Xiang X, Xiong R, Yu C, Deng L, Bie ], Xiao D, et al. Tex10 promotes stemness
and EMT phenotypes in esophageal squamous cell carcinoma via the wnt/B—catenin
pathway. Oncol Rep (2019) 42:2600-10. doi: 10.3892/0r.2019.7376

40. Eilmann M, Schwamb B, Melzer IM, Moser ], Siele D, Kéhl U, et al. A
functional yeast survival screen of tumor-derived cDNA libraries designed to identify
anti-apoptotic mammalian oncogenes. PloS One (2013) 8:¢64873. doi: 10.1371/
journal.pone.0064873

41. Cifola I, Pietrelli A, Consolandi C, Severgnini M, Mangano E, Russo V, et al.
Comprehensive genomic characterization of cutaneous malignant melanoma cell lines
derived from metastatic lesions by whole-exome sequencing and SNP array profiling.
PloS One (2013) 8:¢63597. doi: 10.1371/journal.pone.0063597

42. Groeneveld CS, Fontugne ], Cabel L, Bernard-Pierrot I, Radvanyi F, Allory Y, et al.
Tertiary lymphoid structures marker CXCL13 is associated with better survival for patients
with advanced-stage bladder cancer treated with immunotherapy. Eur ] Cancer (2021)
148:181-9. doi: 10.1016/j.¢jca.2021.01.036

43. Balood M, Ahmadi M, Eichwald T, Ahmadi A, Majdoubi A, Roversi K, et al.
Nociceptor neurons affect cancer immunosurveillance. Nature (2022) 611:405-12. doi:
10.1038/541586-022-05374-w

44. Vats K, Kruglov O, Sahoo B, Soman V, Zhang ], Shurin GV, et al. Sensory nerves
impede the formation of tertiary lymphoid structures and development of protective
antimelanoma immune responses. Cancer Immunol Res (2022) 10(9):1441-54. doi:
10.1158/2326-6066.CIR-22-0110

frontiersin.org


https://doi.org/10.1158/0008-5472.CAN-15-2668
https://doi.org/10.1158/0008-5472.CAN-15-2668
https://doi.org/10.1182/blood-2011-04-325225
https://doi.org/10.3389/fonc.2020.00827
https://doi.org/10.1189/jlb.1105655
https://doi.org/10.18632/aging.103054
https://doi.org/10.1158/0008-5472.CAN-21-1171
https://doi.org/10.1172/jci.insight.136417
https://doi.org/10.1038/s41467-018-07387-4
https://doi.org/10.1016/j.molimm.2017.04.005
https://doi.org/10.1016/j.molimm.2017.04.005
https://doi.org/10.3389/fcell.2021.707143
https://doi.org/10.1016/j.immuni.2021.06.012
https://doi.org/10.1002/hed.25539
https://doi.org/10.1080/08916934.2020.1836487
https://doi.org/10.1186/s12935-021-01781-7
https://doi.org/10.1038/s41598-022-14319-2
https://doi.org/10.3389/fcell.2022.859958
https://doi.org/10.3389/fcell.2022.859958
https://doi.org/10.1515/med-2018-0028
https://doi.org/10.1111/j.1600-0560.2008.01126.x
https://doi.org/10.1038/s41419-021-03617-8
https://doi.org/10.1002/jcp.29635
https://doi.org/10.1016/j.biocel.2022.106293
https://doi.org/10.1159/000495924
https://doi.org/10.1016/j.canlet.2020.03.026
https://doi.org/10.3389/fimmu.2022.843322
https://doi.org/10.12659/MSM.932275
https://doi.org/10.1155/2021/5975893
https://doi.org/10.1155/2021/9944132
https://doi.org/10.3892/or.2019.7376
https://doi.org/10.1371/journal.pone.0064873 
https://doi.org/10.1371/journal.pone.0064873 
https://doi.org/10.1371/journal.pone.0063597
https://doi.org/10.1016/j.ejca.2021.01.036
https://doi.org/10.1038/s41586-022-05374-w
https://doi.org/10.1158/2326-6066.CIR-22-0110
https://doi.org/10.3389/fimmu.2023.1171978
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Expression of lymphoid structure-associated cytokine/chemokine gene transcripts in tumor and protein in serum are prognostic of melanoma patient outcomes
	Introduction
	Materials and methods
	Data source and study population
	Analysis of serum TLS-kine protein levels and their clinical correlates in melanoma patients
	Multispectral immunofluorescence and image analysis
	Gene expression profiling of APRIL/TNFSF13, CCL19, CXCL10 and CXCL13 associated transcripts in TCGA-SKCM specimens
	Functional enrichment analyses
	Analysis of patients TME

	Results
	Melanoma patient baseline characteristics and serum TLS-kine protein profiling
	Correlations between serum TLS-kine protein levels and patients demographic and clinicopathological characteristics
	Serum APRIL/TNFSF13 levels correlate with improved event-free survival
	Coordinate expression of APRIL/TNFSF13, CXCL10 and CXCL13 transcripts is associated with superior patient overall survival in the TCGA-SKCM cohort
	APRIL/TNFSF13- and combined TNFSF13/CXCL10/CXCL13-associated functional gene enrichment analyses
	High expression of APRIL/CXCL10/CXCL13 in tumors is linked to elevated proinflammatory immune cell infiltration

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


