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ABSTRACT

Elevated serum lactate dehydrogenase (sSLDH) is associated with poor clinical out-
comes in patients with stage IV metastatic melanoma (MM). It is currently unknown

if SLDH elevation correlates with distinct molecular, metabolic, or immune features
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1 | INTRODUCTION
Lactate dehydrogenase (LDH) is an intracellular enzyme
which catalyzes the conversion of pyruvate to lactate and en-
ters the bloodstream following cell death.! In humans, LDH
occurs as tetramers consisting of M (or A) subunits encoded
by LDHA and H (or B) subunits encoded by LDHB that assem-
ble to form LDH-1 (4H), LDH-2 (3H1 M), LDH-3 (2H2 M),
LDH-4 (1H3 M), and LDH-5 (4 M) isoenzymes.2 The M
subunit preferentially converts pyruvate to lactate while the
H subunit catalyzes the reverse reaction. Isoenzymes contain-
ing predominantly H subunits tend to predominate in tissues
with aerobic metabolism (e.g. heart) while those containing
mainly M subunits are found in tissues with considerable an-
aerobic metabolism (e.g. skeletal muscle and liver).2
Initially used to diagnose heart attacks and strokes, serum
lactate dehydrogenase (sLDH) became a prominent bio-
marker in stage IV metastatic melanoma (MM) patients after
a series of studies demonstrated a significant association
with worse outcomes.”™ Both the 7th and 8th editions of the
American Joint Committee on Cancer (AJCC) staging sys-
tem for melanoma incorporate SLDH into the M category cri-
teria for patients with distant metastatic (stage I'V) disease.’™®
Clinical laboratories utilize a colorimetric assay to quickly
and sensitively measure total sSLDH. While rarely utilized,
gel electrophoresis can assess levels of specific isoenzymes.
The association between elevated SLDH and inferior clinical
outcomes has persisted despite advances in treatment options.g’14
Thus, there remains a critical unmet need to develop more

disease burden, but not specific molecular or immunological phenotypes, in meta-

melanoma, molecular profiling, serum lactate dehydrogenase, tumor immunity, tumor metabolism

effective treatments for patients with elevated sSLDH. The de-
velopment of such treatments may be facilitated by an improved
understanding of the pathogenesis of metastatic melanoma with
elevated SLDH. We hypothesized that elevated sLDH is associ-
ated with molecular and/or immunological features that promote
disease progression and/or therapeutic resistance in the tumors of
such patients. To test this hypothesis, we performed multi-omics
analyses on cohorts of MM patients with known sLDH values.

2 | MATERIALS AND METHODS

2.1 | Patients and specimens

Two cohorts of melanoma metastases from patients with SLDH
levels measured within 30 days of surgery were included in the
study: (1) locoregional (skin and regional lymph node) metastases
from patients included in The Cancer Genome Atlas's (TCGA’s)
skin cutaneous melanoma (SKCM) database with RNA-
sequencing (RNA-seq) (n = 104), whole exome sequencing
(WES) (n = 92), DNA methylation (z = 104), and reverse phase
protein array (RPPA) (n = 71) data (Figure 1), and (2) distant
metastases from stage [V MM patients treated at The University
of Texas MD Anderson Cancer Center (MD Anderson) between
1998 and 2010. For the latter cohort, tumors were obtained from
the MD Anderson Melanoma Informatics, Tissue Resource, and
Translational Pathology Core (MelCore) under an Institutional
Review Board-approved protocol. Formalin fixed, paraffin-em-
bedded (FFPE) tissue was used to construct a tissue microarray
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(TMA) for immunohistochemistry (IHC) studies (n = 109) and
to isolate RNA for measurement of metabolic and immunologi-
cal genes (n = 24) by NanoString nCounter (Figure 1).

2.2 |

sLDH classification

sLDH values were collected from clinical records for patients
included in the SKCM TCGA from MD Anderson and the
Melanoma Institute of Australia (MIA). The use of a local refer-
ence (upper limit of normal, or ULN) is the convention used to
categorize sSLDH values in the melanoma AJCC staging system.
Thus, sLDH values from MD Anderson patients were considered
“Elevated” if values were greater than 618 IU/mL, the ULN (313-
618 TU/mL) for the MD Anderson clinical chemistry laboratory.
sLDH values from MIA patients were considered “Elevated” if
values were greater than 250 IU/mL, the ULN (120-250 IU/mL)
for the MIA clinical chemistry laboratory (Figure 1).

2.3 |

For all locoregional metastases in the SKCM TCGA with
available sLDH values, publicly available molecular data

TCGA analyses

TMA cohort with

A

3 females and 9

males

12 Tx-Naive, sLDH
Not Elevated distant

metastases

4 small intestine, 5
lung, 1 spleen, and
2 liver

were downloaded from the GDAC Firehose, including:
raw expected counts generated via RSEM (sLDH Elevated,
n = 22; sLDH Not Elevated, n = 82) and level 3 somatic
mutations (sSLDH Elevated, n = 18; sLDH Not Elevated,
n=74); CNV (sLDH Elevated, n = 18; sLDH Not Elevated,
n = 74); DNA methylation (sLDH Elevated, n = 22; sSLDH
Not Elevated, n = 82); and RPPA (sLDH Elevated, n = 16;
sLDH Not Elevated, n = 55). Details of analyses are pro-
vided in Data S1.

24

| TMA

One hundred and nine distant melanoma metastases were in-
cluded in the construction of the TMA (Figure 1 and Table
S1). Each sample was represented by two 1 mm cores pre-
pared on a total of five FFPE blocks.

TMA samples underwent immunohistochemistry (IHC)
staining for M (or A) subunits of LDH, H (or B) subunits
of LDH, PTEN, PD-L1, MITF, CD8, and Ki67. LDHA
subunit (ABCAM cat. #AB 84716, 1:300), LDHB subunit
(ABCAM cat. #AB 85319, 1:25,000), PTEN (6H2.1 clone,
DAKO, 1:100), Ki67 (Cell Signaling cat. #9027, 1:400), and
CD8 (Life Technology cat. #MS457, 1:25) were stained in
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the Leica bond RX THC stainer. PD-L1 (Dako clone 28-8
and clone 22C3) and MITF (ThermoFisher Scientific clone
D5) were stained in the MD Anderson pathology depart-
ment within a clinical laboratory improvement amendments
(CLIA) environment."”> All slides were digitalized with the
Leica scanner. Tumor cell LDHA and LDHB were scored as
0 (negative), 1 (mild/moderate), or 2 (intense). Tumor cell
PTEN was scored as present or absent, as previously de-
scribed.'® PD-L1, Ki67, and MITF were scored as the per-
centage of tumor cells with positive membranous (PD-L1)
or nuclear (Ki67 and MITF) staining per 1 mm®, Positivity
for CD8 was scored as a percentage of intratumoral lympho-
cytes showing membranous positivity per 1 mm?. All THC
was scored by two pathologists (FCLC and JSV). Examples
of staining patterns are provided in Figure S1.

2.5 | NanoString gene expression analysis

A total of 24 treatment-naive samples (SLDH Elevated, n = 12;
sLDH Not Elevated, n = 12) balanced for gender and accession
site were selected from the TMA samples to undergo additional
molecular profiling (Figure 1). RNA was isolated as previously
described.'” Gene expression data were collected for analysis
via the NanoString nCounter Vantage 3D Cancer Metabolism
Panel and NanoString nCounter PanCancer Immune Profiling
Panel and analyzed via nSolver™ Analysis Software. Details
of analyses are provided in Data S1.

3 | RESULTS

3.1 | Lack of significant association of
molecular and immune features with sLDH
status in locoregional metastases from the
cutaneous melanoma TCGA

RNA-seq data were collected for regional metastases from the
SKCM TCGA with sLDH values measured within 30 days of
surgical accession (n = 104) (Figure 1). Age, sex, BRAF mu-
tation status, and prior treatment status did not differ signifi-
cantly between the sLDH Elevated (n = 22) and sLDH Not
Elevated patients (n = 82) (Table S2). Histologically, tumors
from patients with elevated sLDH and those from patients
without elevated sLDH did not differ significantly in extent
of pigment (p = 0.1753), cell size (p = 0.5497), cell shape
(p = 0.5823) (Table S3), tumor cell content (p = 0.3700), or
necrosis (p = 0.7382) (Figure S2).

We performed principal component analysis (PCA) of
the 1,000 most variable genes to elucidate transcriptomic
heterogeneity among the groups. No distinct clusters
formed between sLDH Elevated and sLDH Not Elevated
samples, indicating overall similarity between groups
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(Figure S3). Comparative RNA-seq analysis identified 159
genes with nominal p values <0.05 and |log2FCs| >1
between the groups; however, no genes were statistically
significant after correcting for multiple hypothesis testing
(Figure 2A). Notably, neither LDHA (p.adj=0.9869) nor
LDHB (p.adj=0.9953) expression correlated with sLDH
status (Figure 2B), indicating that tumor cell expression
of these genes did not explain differences in SLDH levels.
Additionally, pathway analysis failed to identify significant
differences in the MSigDB Hallmarks gene set collection
between sSLDH Elevated and sLDH Not Elevated tumors
(Figure 2C). Given the positive associations observed
between immune infiltrates and clinical outcomes in the
SKCM TCGA and immunotherapy clinical trials,'®%° we
utilized the ESTIMATE?! and MCP-Counter” R pack-
ages to assess the immune cell infiltration in the tumors.
Comparative analysis identified no significant differences
in immune cell infiltration either via ESTIMATE anal-
ysis (p = 0.8663) (Figure 2D) or MCP-Counter analysis
(p > 0.05 for all immune cell populations) between tumors
from patients with elevated sSLDH and those from patients
without elevated sLDH (Figure 2E).

Comparative analysis of WES data identified no signifi-
cant differences in copy number variation profiles, somatic
mutation burden, or somatic mutation rate across 72 thera-
peutically targetable genes between tumors from patients with
sLDH Elevated (n = 18) vs. tumors from patients without el-
evated sLDH (n = 74) (Figure S4A-C). Global DNA meth-
ylation analysis identified only three probes with nominal p
values <0.05; none of these probes remained significant fol-
lowing correction for multiple hypothesis testing (Figure S5).
Finally, analysis of proteomic data from RPPA identified only
three proteins with significantly different expression (nom-
inal p values <0.05) between sLDH Elevated (n = 16) and
sLDH Not Elevated (n = 54) tumors, which were no longer
significant following correction for multiple hypothesis test-
ing (Table S4). RPPA pathway analysis also failed to identify
significant differences in any of the 12 pathways (Table S4).

3.2 | Lack of molecular or immunological
associations with SLDH status in
distant metastases

A total of 109 distant melanoma metastases with SLDH lev-
els assessed within 30 days of tumor resection were evaluated
(Figure 1). As predicted, univariate analysis demonstrated that
patients with elevated SLDH (n = 34) had a significantly greater
number of sites of metastatic involvement compared to patients
without elevated sLDH (n = 75), using multiple thresholds (>
3,p <0.0001; >4, p=0.0011; =5, p = 0.0038) (Table 1). Age,
sex, BRAF mutation status, and prior treatment status did not
differ significantly between the groups (Table S5).
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subunits between tumors from melanoma patients with sSLDH
Elevated vs. Not Elevated (Table 2). We analyzed tumor pro-
liferation, with the rationale that more proliferative tumors



FISCHER ET AL.

.. 8655
Cancer Medicine -WI LEYJ—

Open Access,

FIGURE 2 Serum LDH does not associate with molecular or immune features in locoregional melanoma metastases. (A) Volcano plot of

limma-modeled gene expression data between sLDH Elevated (n = 22) and sLDH Not Elevated (n = 82) TCGA locoregional metastases. The data

for all genes are plotted as log2FC vs. the —log10 of the adjusted p value. No gene met the criteria for statistical significance ( | log2FC | >1 and
adj. p value <0.05). (B) Comparison of LDHA and LDHB gene expression between sLDH Elevated and sSLDH Not Elevated TCGA locoregional
metastases. Voom-transformed log2-counts per million (CPM) values of the LDHA and LDHB genes are plotted on the y-axis. Lines represent

mean +S.D. Each dot represents a single sample. (C) Bar plot of the -log1 0(FDR g-value) of the top 20 MSigDB Hallmarks gene sets from the

comparative GSEA analysis of sSLDH Elevated and sSLDH Not Elevated TCGA locoregional metastases. Gene sets are ordered in descending

order of their -loglO(FDR g-value). No gene set met the criteria for statistical significance, shown on the graph as a dashed vertical line (FDR
g-value <0.05). (D) ESTIMATE ImmuneScore analysis of sSLDH Elevated vs. SLDH Not Elevated TCGA locoregional metastases. Lines represent
mean +S.D., and each dot represents a single sample. Significance determined via two-sided Student's 7 test. (E) MCP-Counter analysis of sSLDH

Elevated vs. sSLDH Not Elevated TCGA locoregional metastases. Each plot is a simple box and whisker plot. Median values (lines) and interquartile

range (whiskers) are indicated. ns: not significant (»p > 0.05) by two-sided Student's  test.

would have a greater amount of cellular turnover, leading to
an increased release of LDH into the bloodstream. However,
Ki67 staining did not differ between the groups (p.adj=1)
(Figure 3). MITF, a lineage-specific pro-survival gene in mel-
anoma, also did not differ between groups (p.adj=0.9008)
(Figure 3). Additionally, we evaluated loss of PTEN, given its
prognostic significance in MM and role in mediating immu-
nosuppression.l(”23 Comparative analysis initially determined
that complete loss of PTEN occurred significantly more often
in SLDH Elevated tumors (p = 0.0415), but we noted no sig-
nificant difference in the prevalence of complete PTEN loss
between groups following adjustment for multiple hypothesis
testing (p.adj=0.3320) (Table 2). Finally, neither PD-L1 pos-
itivity (p.adj=1 and p.adj=0.7228 for clones 28-8 and 22C3,
respectively) (Table 2) nor CD8* immune infiltrates (p.adj=1)
(Figure 3) associated significantly with sLDH status.

3.3 | Lack of association between
metabolic and immunological gene
expression and sLDH status in distant
melanoma metastases

Recent work has demonstrated that metabolic pathways in
tumors can play critical roles in resistance to targeted and

TABLE 1 Total Number of Metastatic Sites in TMA Patients

Serum LDH (n = 109)

# Metastatic Elevated Not Elevated Fisher test
Sites (n=34) (m=175) p value
>3 16 7 <0.0001
>4 10 4 0.0011

>5 7 2 0.0038

The cumulative number of metastatic sites confirmed in TMA patients within
30 days of SLDH assessment were compared between patients with elevated
sLDH (n = 34) and patients without elevated sSLDH (n = 75). Significantly
more patients with elevated SLDH had a high metastatic burden, regardless of
the threshold used to define “high metastatic burden” (at least 3, 4, or 5 sites of
metastasis).

immune therapies in MM patients.z“_26 Thus, we selected 24
treatment-naive distant metastases (n = 12 sLDH Elevated
and n = 12 sLDH Not Elevated) from the 109 TMA samples
for focused gene expression analysis using the NanoString
nCounter Vantage 3D Cancer Metabolism Panel. Samples
were selected to ensure an equal balance of gender and site
of distant metastasis between groups (Figure 1). A total of
180 genes from various metabolic pathways were assessed.
No genes met the criteria for statistical significance follow-
ing correction for multiple hypothesis testing (Figure 4A).
Further, sLDH Elevated and sLDH Not Elevated samples did
not form distinct clusters following PCA analysis of the nor-
malized expression data (Figure 4B). Finally, we observed
no significant differences between groups for the following
pathways: carbon metabolism, cancer metabolism drivers,
glucose metabolism, hypoxia metabolism, KEGG glycoly-
sis, mTOR pathway, choline metabolism, or other metabolic
pathways (Figure 4C).

RNA from the tumors was also assessed using the
NanoString nCounter PanCancer Immune Profiling Panel,
which includes 730 genes reflecting immune cell types, com-
mon checkpoint inhibitors, cancer/testis antigens, and genes
covering both the adaptive and innate immune response. No
statistically significant differences in expression between
metastatic melanomas from patients with sSLDH Elevated vs.
Not Elevated were noted (Figure 5SA). We observed no differ-
ences in intratumoral estimates of any immune cell subpop-
ulation (Figure 5B) or any immunological pathway available
for analysis (Figure S6). Further, hierarchical clustering of
samples by these pathways did not yield distinct clusters
between sLDH Elevated and sLDH Not Elevated samples
(Figure 5C).

4 | DISCUSSION

The association between elevated sLDH and worse out-
comes in MM patients has been observed for over two
decades.>™ Several recent studies have determined that
elevated sLDH associates with poor outcomes in clinical
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TABLE 2 Melanoma TMA Results of
Categorically Scored Markers

Marker

LDHA
0
1
2
Total

LDHB
0
1
2
Total

PTEN
Absent
Total

PD-L1 clone 28-8
Positive (>5%)
Total

PD-L1 clone 22C3
Positive (>1%)
Total

Serum LDH
Adj.p

Elevated n (%) Not Elevated n (%) p value value
3(9) 13 (17)

23 (68) 51 (68) 0.3314 0.8837
8 (24) 11 (15)

34 75

0(0) 2(3)

5(20) 9 (16) 0.9078 1

20 (80) 47 (81)

25 58

11 (32) 11 (15) 0.0415 0.3320
34 75

8 (24) 10 (13) 0.2643 1

34 75

11 (32) 18 (24) 0.3614 0.7228
34 75

The TMA analysis did not identify significant intratumoral alterations (adj. p value <0.05) in any of the listed
markers between sLDH Elevated and sSLDH Not Elevated distant metastases. Each marker is listed along with

the scoring mechanism used for the analysis. Scores for samples are listed along with the total number of
samples analyzed by each marker. Only markers scored categorically are included in the table.
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(n=24) (n = 54) (n =25) (n =59) (n = 26) (n =64)

FIGURE 3 Serum LDH does not associate with TMA markers evaluated as continuous variables in distant melanoma metastases. Ki67, MITF,
and CD8 positivity do not differ between distant metastases acquired from patients with elevated sLDH and distant metastases taken from patients

without elevated sLDH. Lines represent mean +S.D., and each dot represents a single sample. Significance determined via two-sided Student's # test.

trials of targeted and immune therapies. For example,
Schadendorf et al. demonstrated that elevated baseline
sLDH independently associated with decreased progres-
sion free survival (PFS) and overall survival (OS) in MM
patients treated with dabrafenib and trametinib.>’ Likewise,
studies by both Wagner et al. and Joseph et al. reported
that elevated sLDH at baseline associated with worse OS
in MM patients treated with anti-PD1.%*?’ Here we have

utilized cohorts of molecularly characterized and clinically
annotated melanoma metastases to study the mechanisms
that may underlie these associations.

To our knowledge, this is the first study to comprehen-
sively assess the associations of molecular or immune features
of melanoma metastases with elevated sSLDH. Our analysis of
multiple cohorts, including multi-omic data from the cutaneous
melanoma TCGA, showed that there were minimal differences
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FIGURE 4 Serum LDH does not associate with metabolic features in distant melanoma metastases. (A) Volcano plot of normalized
NanoString nCounter Vantage 3D Cancer Metabolism Panel gene expression data for 12 distant melanoma metastases from patients with elevated
sLDH and 12 distant melanoma metastases from patients without elevated sSLDH. The data for all genes are plotted as log2FC vs. the —log10 of the
adjusted p value. No gene met the criteria for statistical significance ( | log2FC | >1 and adj. p value <0.05). (B) PCA plot analysis of normalized
NanoString nCounter Vantage 3D Cancer Metabolism Panel gene expression data. No obvious grouping was observed. (C) Pathway analysis of
NanoString nCounter Vantage 3D Cancer Metabolism Panel gene expression data. Increasing pathway scores correspond to increasing expression.
Lines represent mean +S.D., and each dot represents a single sample. Significance determined via two-sided Student's ¢ test. No pathway met the

criteria for statistical significance (p < 0.05).

in molecular, immune, and metabolic features between metas-
tases from patients with elevated SLDH vs. not elevated sLDH.
Thus, our data support that the poor clinical outcomes associ-
ated with sLDH levels cannot be readily attributed to differ-
ences in specific immune, molecular, or metabolic features.

Our transcriptomic analysis of locoregional metastases
from the TCGA database demonstrated global similarity be-
tween metastases from sLDH Elevated and sLDH Not Elevated
melanoma patients. NanoString analyses of distant metastases
corroborated that SLDH did not associate with differences in
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metabolic pathways. In contrast to a study published by Huang
et al.*, our analyses by bulk RNA-seq and Nanostring did
not identify differences in immune function between groups.
However, additional (i.e. single-cell) analyses could be done
to interrogate this specifically. Likewise, proteomic analysis
did not identify significant differences in individual proteins
or pathways between locoregional metastases from patients
with elevated sLDH and those from patients without elevated
sLDH. Our TMA THC analysis also identified no correlation
between LDHA, LDHB, PTEN, MITF, CDS8, Ki67, and — sim-
ilar to Joseph et al.®® — PD-L1 staining and sLDH status in
distant metastases. WES analyses of locoregional metastases
identified no copy number alterations or differences in muta-
tion burden between sLDH Elevated and sLDH Not Elevated
groups. Finally, methylation studies did not identify differen-
tially methylated probes between sLDH Elevated and sLDH
Not Elevated locoregional metastases. The cohorts included
a relatively large number of samples, and with their deep mo-
lecular and immune profiling, they represent one of the largest
and most comprehensive datasets to test for intratumoral fea-
tures associated with sSLDH. While the lack of statistical sig-
nificance observed could be attributed to inadequate sample
size, we believe that the consistent lack of difference across all
analyses is highly suggestive that any differences, should they
exist, would not correlate with the magnitude of difference in
clinical outcomes between patients with elevated sLDH vs.
not elevated sLDH.

Our findings address several gaps in our current under-
standing of the pathogenesis of elevated sLDH in mela-
noma. First, elevated sLDH is not attributable to increased
expression of LDHA and LDHB by tumor cells, nor does it
reflect increased cellular proliferation or death. Second, the
poor prognosis associated with elevated sSLDH cannot be at-
tributed to increased expression of genes or pathways known
to mediate a more aggressive phenotype or therapeutic re-
sistance in this disease. For example, while enrichment of
the glycolytic pathway mediates resistance to adoptive T cell
therapy in MM, and oxidative phosphorylation can cause re-
sistance to targeted therapies and anti-PD1,%3! peither of
these metabolic pathways were enriched in metastases from
patients with elevated sLDH. Similarly, proteomics analysis
ruled out oncogenic signaling pathways (i.e. PI3 K-AKT) as
potential mediators of poor prognosis in patients with el-
evated sLDH.'® Finally, genetic and epigenetic features do
not likely explain the association between elevated sLDH
and poor prognosis / therapeutic resistance.*>*?

It is possible that SLDH’s association with worse out-
comes solely relates to it being a surrogate for tumor burden.
Indeed, we found a strong association between elevated SLDH
and total number of metastatic sites of disease in this study.
Likewise, Joseph et al. quantified baseline tumor size (BTS)
using RECIST criteria target lesions and found a significant
correlation between sLDH and this measure.?® Huang et al. also
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reported that SLDH correlated with tumor burden in their cohort
of MM patients.30 Despite these consistent associations, some
multivariate analyses have also shown that SLDH can correlate
with worse outcomes independent of tumor burden.>* N otably,
Joseph et al. demonstrated that SLDH was independently asso-
ciated with overall response rate (ORR) to anti-PD1, but BTS
was not (although the actual results for BTS were not available
for further interrogation).28 Results like these suggest that tumor
burden may only partly explain SLDH’s prognostic value.

Notably, there are additional possible contributors to sSLDH
levels that are independent of tumor burden. As LDH is a
widely distributed enzyme, elevated levels in the bloodstream
can result from damage to nonmalignant tissues (i.e., heart,
liver, kidneys, and red blood cells).2 Therefore, baseline sSLDH
levels may differ between MM patients in part due to differ-
ential organ injury and enzyme leakage following metastasis.
Tumor burden would certainly mediate damage to normal
tissues to some extent. However, small invasive metastases,
potentially even including micro-metastases, could damage
tissues as well, and could do so without being accounted for
by tumor burden measurements in studies applying RECIST
criteria to assess tumor burden.”® Common benign diseases
affecting the heart, liver, or kidneys could cause confounding
increases in SLDH in MM patients.34’35 It is possible that a
subset of MM patients with elevated sLDH do poorly because
they are generally less healthy than their counterparts.

It is also possible that sSLDH levels in cancer patients
could be affected by coagulopathies, due to malignancy and/
or cancer treatments.*® Disseminated intravascular coagula-
tion (DIC), hemolytic uremic syndrome (HUS), and throm-
botic thrombocytopenic purpura (TTP) are the main types
of thrombotic microangiopathies seen in cancer patients.36
Importantly, these conditions cause intravascular hemolysis,
which results in increased sLDH due to rupture of red blood
cells.*® To our knowledge, no studies of sSLDH have incorpo-
rated markers of cardiac, liver, renal, or coagulation function
into their statistical models, which could be investigated in
the future. Further, spontaneous hemorrhage is a common
complication of melanoma brain metastases.’’ Various mech-
anisms have been proposed to explain intratumoral hemor-
rhage, including blood vessel wall compression and necrosis
due to the expanding tumor, invasion of the blood vessel wall
by the tumor, and fragility of the structurally unsound and
immature blood vessels.”” Each mechanism features vary-
ing degrees of endothelial cell injury, which could also el-
evate sSLDH. While previous studies have incorporated sites
of metastasis into their statistical models, to our knowledge
no study has accounted for intratumoral hemorrhage in MM
patients with brain metastases, which could be addressed
in future studies. Moreover, future studies should evaluate
whether or not SLDH values associate with distinct tumor or
clinical features in melanoma brain metastases as this study
focused exclusively on nonbrain melanoma metastases.
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In conclusion, this study represents the most comprehen-
sive effort to date to improve our understanding of the patho-
genesis that underlies the poor clinical outcomes associated
with elevated SLDH in MM patients. Taken together, our data
support that SLDH serves at least partially as a surrogate for
tumor burden, but not for the molecular, immune, or meta-
bolic status of patients’ tumors. The development of more
effective treatment strategies remains a key challenge for
patients with distant metastatic melanoma, particularly for
those with elevated sLDH.
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