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Abstract

Objective—Gut microbiome plays an important role in systemic inflammation and immune
response. Microbes can translocate and reside in tumor niches. However, it is unclear how intra-
tumor microbiome affects immunity in human cancer. The purpose of this study was to investigate
the association between intra-tumor bacteria, infiltrating CD8+ T cells and patient survival in
cutaneous melanoma.

Methods: Using a TCGA cutaneous melanoma RNA-seq data, intra-tumor bacteria and
infiltrating CD8+ T cells were determined. Correlation between intra-tumor bacteria and
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infiltrating CD8+ T cells or chemokine gene expression, and survival analysis of infiltrating CD8+
T cells and Lachnoclostridium in cutaneous melanoma were performed.

Results: Patients with low levels of CD8+ T cells have significantly shorter survival than those
with high one. The adjusted hazard ratio was 1.57 (low vs. high) (95% ClI: 1.17-2.10, p = 0.002).
Intra-tumor bacteria Lachnoclostridium genus ranked top in a positive association with infiltrating
CD8+ T cells (correlation coefficient = 0.38, p = 9.4 x 10714), followed by Gelidibacter (0.31, p =
1.13x 107%), Flammeovirga (0.29, p = 1.96 x 1078), and Acinetobacter (0.28, p = 8.94x 1078).
These intra-tumor genera positively correlated with chemokines CXCL9, CXCL10 and CCL5
expression. High Lachnoclostridium significantly reduced the mortality risk (p = 0.0003).
However, no statistically significant correlation was observed between intra-tumor
Lachnoclostridium abundance and the levels of either NK, B or CD4+ T cells.

Conclusion: Intra-tumor-residing gut microbiota could modulate chemokine levels and affect
CD8+ T cell infiltration, consequently influencing patient survival in cutaneous melanoma.
Manipulating intra-tumor gut microbiome may benefit patient outcome for those with
immunotherapy.

Keywords
CD8+ T cells; gut microbiome; intra-tumor bacteria; melanoma; prognosis

Introduction

Immune evasion is a hallmark of human cancer including melanoma, which plays an
important role in the development and progression of the diseases. There are a variety of
molecular mechanisms underlying this phenomenon. T-cell exhaustion, insufficient
lymphocyte infiltration of lymphocytes (“cold” tumors or immune “desert”) and loss of
neoantigens are the current main avenues of onco-immunology research under investigation.
[1-4] The United States Food and Drug Administration (US FDA)-approved immune
checkpoint inhibitors (ICIs), e.g. anti-PD-1/PD-L1 and anti-CTLA4, benefit patients by
reinvigorating exhaustive CD8+ T cells residing in tumor tissues. However, not all patients
respond to the blockade.[5-8]

It has been reported that a positive association exists between increased T cell infiltration
and improved overall survival in advanced melanoma patients. [9, 10] Different strategies
have been designed to convert immune “‘desert’ tumors to T cell-inflamed tumors (i.e. *hot’
tumors). One strategy is to engineer an oncolytic virus, in which granulocytes-macrophage
colony-stimulating factor (GM-CSF) and a PD-L1 inhibitor are co-expressed and could
promote the infiltration of T cells into tumors, therefore enhancing the immune response.
[11] Talimogene laherparepvec (T-VEC) is a genetically modified type | herpes simplex
virus expressing GM-CSF. It can induce the recruitment of T cells into melanoma, via
modulating type 1 interferon-related factors and chemokines such as CXCL9 and CXCL10,
consequently eliciting systemic anti-tumor specific CD8+ T cell response to shrink tumors.
[12] Additionally, patients with advanced melanoma were intratumorally treated with
interleukin-12 (IL-12)-expressing Tavokinogene Telseplasmid (TAVO) which caused
increased T cell infiltration and tumor shrink.[13] These observations suggest that increasing
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the recruitment of T cells in tumors may improve patient outcome. Thus, better
understanding of factors that affect the abundance of T cells in tumors is critical in
improving the efficacy of immunotherapy.

Trillions of microbiota live in the niches of human body, including skin, mouth, gut and
vagina. The gut microbiome has been implicated in the initiation and progression of human
cancers. [14] Accumulating evidence shows that microbiota are involved in modulating the
immune response of melanoma patients to anti-PD-1 immunotherapy.[15, 16] Dysbiosis-
induced chronic inflammation can lead to the decline of immunosurveillance and damage of
epithelial cell-formed barriers, consequently allowing microbial translocation. Recently, two
independent studies have shown the presence of bacteria residing in tumors.[17, 18] By
revisiting RNA sequencing (RNA-seq) and/or whole-genome sequencing data archived in
The Cancer Genome Alta (TCGA), Poore and colleagues reported unique microbial
signatures in tumor tissues and blood within and between most major types of cancer, and
the association between the abundance of bacteria and virus infection in tumors.[17] Nejman
and colleagues performed RNA-Seq, microscopy and cell culture analysis on 1526 tumors
and their adjacent normal tissues for 7 cancer types including melanoma, and demonstrated
that intratumor bacteria resided intracellularly in both tumor and immune cells. [18] They
also found that patients’ response to immunotherapy had a distinct bacteria patterns with
specific bacterial metabolic functions.[18] Previous studies have shown that the activation of
Toll-like receptors (TLRs) by bacterial products can drive macrophages to
immunosuppressive M2 polarization. [19, 20] However, there are no studies which have
explored how intratumor bacteria affect infiltrating effector CD8+ T cell abundance in tumor
and prognosis. The purpose of this study was to examine the association between intratumor
bacteria and both the abundance of infiltrated CD8+ T cells and movement-related
chemokines in cutaneous melanoma.

Materials and Methods

Study subjects and data sources

Upper quartile expectation maximum normalized mRNA levels in Fragments per Kilobase
of transcript per Million mapped reads (FPKM) (RNA-seq V2 root-mean-squared error
(RSEM)), RNA-seq raw data, and clinical data were retrieved from a The Cancer Genome
Alta (TCGA) cutaneous melanoma dataset, which is available at the Genomic Data
Commons (GDC) data portal (https://portal.gdc.cancer.gov).

Estimation of the refraction of infiltrated lymphocytes

The normalized mMRNA expression obtained from the bulk tumor RNA-Seq data was used
for the estimation of the fractions of infiltrated lymphocytes in the tumor for each individual,
which was deconvoluted by the quanTlseq “Deconvolution” module in immundeconv R
package. [21] The quanTlseq is a deconvolution algorithm for estimating the proportions of
10 different immune cell types (B cells, M1 and M2 macrophages, monocytes, neutrophils,
natural killer (NK) cells, non-regulatory CD4+ T cells, CD8+ T cells, regulatory T (Treg)
cells and myeloid dendritic cells (DC)) in an individual tumor sample under investigation
using an immune cell signature gene matrix with the highest specificity and discriminative
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power. This algorithm uses a constrained least squares regression to ensure no negative

values for the cell fractions and their sum not exceeding 1.

Analysis of intra-tumor microbiome

RNA-Seq reads in FASTA format were applied to analyze intra-tumor microbiome using
Kraken TCGA microbial detection as previously described elsewhere.[17] Briefly, the pre-
processed sequencing reads after the quality examination were aligned to human reference
genomes for human transcript identification. The sequences that cannot be mapped to known
human reference genomes were then aligned against all known bacterial and archaeal
genomes using the ultrafast Kraken algorithm [22], which employs a window search with a
default setting of 31-mers to match the k-mer against a database of microbial k-mer for
taxonomic identification. With the removal of batch effects, taxonomic count data were
normalized into log-count per million (log-cpm) using the Voom algorithm followed by
supervised normalization (SNM).

Statistical analysis

Results

Spearman or Pearson Correlation analysis was appropriately used to examine the association
between intra-tumor bacteria and both T cell activation score and infiltrated lymphocytes
based on the distribution. Overall survival months were calculated as the date from the
diagnosis to either the last follow-up or the event (death), whichever one came first. Survival
analysis was performed using Kaplan-Meier survival, and multivariate Cox regression model
for covariates adjustment to estimate hazard ratios (HRs) and their 95% confidence intervals
(95% CIs). All statistical analyses were performed in R (https://www.r-project.org/).
Bonferroni correction was used for multiple comparisons. A two-sided p-value less than
0.05 was considered statistically significant.

Patient characteristics

In this study, 447 cutaneous melanoma patients with RNA-seq data available were included,
and their characteristics are shown as in supplementary Table 1. Median age was 58 years
old (range 15-90), and majority were men (61.7%, n =276). Ninety-seven percent of the
patients (n= 424) were non-Hispanic white, 2.8 %, Asian (n =12) and 0.2 % African
American (n =1). Over half of patients (n =223) were diagnosed at an early disease stage,
and 45.5% were diagnosed with an advanced disease stage. The median of Breslow depth
was 3 mm with the range from 0 to 75 mm. Recurrence occurred in some patients at the
early disease stage and for those patients, surgical resection was performed for metastatic
lesions. For RNA-seq analysis, metastatic samples accounted for 78.3% (n=350), and
primary samples 21.7% (n =97). The majority of patients (95.5%) did not receive adjuvant
radiotherapy. Samples were provided prior to approval of active adjuvant therapies. The
median of follow-up months was 37.6, with the range from 0.07 to 369.6 months. During the
follow-up, 47.8% (n=213) patients died, and 52.2% were still alive or missed follow-up with
unknown status.
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Infiltrated CD8+ T cells and patient survival

Association

Using the algorithm of quanTIseq on the bulk tumor RNA-seq, we estimated the relative
abundance of infiltrating CD8+ T cells for each individual. The median of percentage of
cellular content constituting CD8+ T cells was 0.79% with the range from 0 to 65.5%.
Binarizing by the median, we grouped the patients into two groups, high and low. The
association between the infiltrating CD8+ T cells and overall survival was first evaluated
using log-rank Kaplan-Meier survival. Patients with high levels of infiltrating CD8+ T cells
showed a significantly superior overall survival (log-rank p = 0.0009) (supplementary Figure
1). The median overall survival was 105.0 (95% CI: 66.6 — 167.9) months for patients with
high CD8+ T cells, and 65.9 (48.9 — 89.1) months for those with low CD8+ T cells. With the
adjustment for patients’ age at diagnosis, disease stage, and sex, a multivariate Cox
regression model showed that an increased mortality risk was observed in patients with low
infiltrated CD8+ T cells compared to those with high infiltrated CD8+ T cells
(Supplementary Table 2). The adjusted HR was 1.57 (95% CI: 1.17 — 2.10, p =0.002). As
expected, an elevated mortality risk was also found for those older or with an advanced
disease. The adjusted HRs were 1.02 (1.01 — 1.03, p = 0.0002) for patients’ age at diagnosis,
and 1.80 (1.34 — 2.42, p < 0.0001) for disease stage. However, there was no association
between patients’ sex and mortality risk; the HR was 0.96 (0.71 — 1.30, p = 0.80).

When we examined data from metastatic lesions only (n =340), the statistical significance
remained (log-rank p = 0.0014). Patients with high infiltrating CD8+ T cells survived
approximately 39 months longer than those with low levels. The median overall survival was
107.0 months (95% CI: 69.0-174.7) for patients with high CD8+ T cells, and 68.0 months
(50.7-94.9) for those with low levels (data not shown). Similarly, the adjusted HR was 1.57
(95% ClI: 1.17-2.11, p = 0.002) (data not shown).

Similarly, we constructed Kaplan-Meier survival curves for B cells, NK cells and CD4+ T
cells. Using the median proportion of either B or NK cells for binary grouping, we found
that patients with either high levels of B or NK cells had a better but not statistically
significant overall survival compared to those with low ones, respectively (supplementary
Figure 2, and 3). The median overall survival was 92.9 (95% CI: 66.6 -148) months for
patients with high B cells, and 65.8 (55.5-105) months for those with low B cells (log-rank p
value = 0.43). For patients with high NK cells, the median overall survival was 94.9 (95%
Cl: 63.0-139) months, and 68.1 (61.5-103) months for those with low NK cells (log-rank p
value = 0.38). Since the majority of the patients had no infiltrating CD4+ T cells, we used 0
as the cutoff for CD4+ T cells binary grouping (low and high levels). Kaplan-Meier survival
curve showed that patients with low levels of CD4+ T cells had improved survival than those
with high ones (log-rank p value = 0.00093) (supplementary Figure 4). The median overall
survival was 102.0 (95% Cl: 69.0-151) months for patients with low CD4+ T cells and 62.8
(49.5-85) months for those with high CD4+ T cells.

between intra-tumor bacteria and infiltrated CD8+ T cells

Using the robust algorithm and restricted criteria for bacterial identification, 369 patients
were included. In total, 1630 OTUs were identified. The association was analyzed between
identified intra-tumor bacteria and infiltrated CD8+ T cell levels. In total, 18 genera were
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associated with the infiltrated CD8+ T cells with a p value < 0.001. Two of them (Algibacter
and Epilithonimonas) had a negative association with CD8+ T cells (correlation coefficients
were - 0.19 and — 0.17, respectively, and the p values were 0.0003 and 0.0008, respectively).
Sixteen genera had a positive correlation with infiltrated CD8+ cells with a correlation
coefficient ranging from 0.17 to 0.38 (p values ranging from 0.0008 to 9.4x10714) (Figure
1). The top 5 genera were Lachnoclostridium (correlation coefficient = 0.38, p = 9.4 x
10714, followed by Gelidibacter (correlation coefficient = 0.31, p = 1.13x 1079),
Flammeovirga (correlation coefficient = 0.29, p = 1.96 x 1078), Acinetobacter (correlation
coefficient = 0.28, p = 8.94x 1078) and Tropicibacter (correlation coefficient = 0.25, p = 1.44
x 1076),

Correlation between intra-tumor bacteria and the chemokines for CD8+ T cells

Given that CXCL9, CXCL10 and CCL5 are important chemokines for CD8+ T cell
infiltration, we further examined the correlation between intra-tumor bacteria candidates that
were significantly associated with CD8+ T cell infiltration as observed above. Table 1 shows
the Spearman correlation coefficients and their corresponding p values. We found that the
majority of the bacteria genera was positively associated with infiltrating CD8+ T cells, and
had a significantly positive correlation with the chemokines CXCL9, CXCL10 and CCLS5,
whereas the two genera in negative association with infiltrating CD8+ T cells also had
negative correlations with the chemokines. For instance, the Pearson correlation coefficients
with Lachnoclostridium were 0.56 (p < 2.2 x10716) for CXCL9, 0.56 (p < 2.2x 10~16) for
CXCL10 and 0.57 (p < 2.2x10716) for CCLS5, respectively. In contrast, the correlation
coefficients with Algibacterwere —0.13 (p = 0. 009) for CXCL9, -0.09 (p = 0.083) for
CXCL10, and -0.14 (p = 0.007) for CCLJ5, respectively.

Association of intra-tumor Lachnoclostridium abundance and mortality

To investigate the association of intra-tumor Lachnoclostridium abundance and overall
survival, we first classified the patients into two groups, low or high, based on the median of
intra-tumor Lachnoclostridium abundance. Kaplan-Meier survival curves showed that
patients with high levels of intra-tumor Lachnoclostridium had statistically significantly
improved (appropriately 37.6 months longer) overall survival than those with low ones (log-
rank p = 0.009) (Figure 2). The median of overall survival was 103.0 (95% CI: 68.0 — 174.7)
months for high levels, and 65.4 (47.3 — 96.2) months for low levels of intra-tumor
Lachnoclostridium, respectively.

Table 2 shows the multivariate Cox regression results of intra-tumor Lachnoclostridium
abundance and the mortality in cutaneous melanoma, in which the median of
Lachnoclostridium abundance was used as a cutoff to classify the patients into high and low
groups. In the model 1 with whole group, patients with high abundance showed significantly
decreased risk (p = 0.0003). The adjusted HR was 0.55 (95% CI: 0.40 — 0.76). Then we
further stratified patients into two subgroups, high or low, based on CD8+ T cells. Among
the patients with high levels of CD8+ T cells (model 2), those with a high abundance of
Lachnoclostridium had a significantly lower mortality risk than those with a low one (p =
0.046). The adjusted HR was 0.57 (0.33 -0.99). Similarly, among patients with low levels of
CD8+ T cells (model 3), a lower but not statistically significantly mortality risk was
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observed in those with a high abundance of Lachnoclostridium than those with a low one (p
= 0.062). The adjusted HR was 0.63 (0.39-1.02). No interaction was found between CD8+ T
cells and Lachnoclostridium abundance in patient survival (p value for interaction = 0.92).

Correlation between intra-tumor Lachnoclostridium abundance and B, NK and CD4+ T

cells

Spearman correlation analysis showed that a negative but weak correlation between intra-
tumor Lachnoclostridium abundance and NK cells, and the correlation coefficient was —0.12
(95% CI: —-0.22- —0.01) with a p value of 0.03. A weak positive correlation was observed
between intra-tumor Lachnoclostridium abundance and B cells, and the correlation
coefficient was 0.09 (-0.01-0.19) with a p value of 0.09. There was a very weak negative
correlation between intra-tumor Lachnoclostridium abundance and CD4+ T cells, and the
correlation coefficient was —0.04 (-0.15- 0.06) with a p value of 0.42. After multiple
comparison correction, none of three lymphocyte subtypes (NK, B and CD4+ T cells) had
statistically significant correlation with intra-tumor Lachnoclostridium in cutaneous
melanoma.

Discussion

In this study, we demonstrated the association between intra-tumor bacteria and infiltrated
CD8+ T cells in cutaneous melanoma using the TCGA cutaneous melanoma RNA-seq
database. We first estimated the relative abundance of infiltrated CD8+ T cells, which was
shown in a positive associated with mortality risk in the patients as expected. Melanoma
patients with a high CD8+ T cell infiltration survived > 3 years longer than those with a low
CD8 T-cells. The association remained significant after the adjustment for age, sex and
stage. This association held significant for metastatic cases only. This finding is concordance
with previous studies.[23, 24]

Cytotoxic CD8+ T cells are a killer lymphocyte, eliminating tumor cells within favorable
tumor niches. After the priming, CD8+ T cells, with the guidance of cytokine and
chemokine signaling, migrate and infiltrate into tumor sites to execute its anti-tumor
function. By engaging T cell receptors (TCR) on cytotoxic T cells with antigenic peptides-
MHC-I complex, activated CD8+ T cells release IFN-vy, perforin (PRF2) and granzyme A/B
(GZMA/B) to induce the necrosis and pyroptosis of tumor cells. Thus, the abundance of
infiltrated CD8+ T cells has been reported in a positive association with better prognosis and
response to several types of human cancer.[25] A meta-analysis of 16 studies reported that
cancer patients with a high proportion of CD8+ T cells had a significantly reduced mortality
risk compared to those with a low one, and the HR was 0.71 (95% CI: 0.62 — 0.82).[26] In
the meta-analysis of 7 melanoma prognostic studies, a favorable prognostic significance of
CD8+ T cell infiltration was observed with a HR of 0.50 (95% Cl: 0.37- 0.69). [27] A recent
study demonstrated that high intra-tumor not peri-tumor infiltration of CD8+ T cells
particularly with low counts of CD163+ myeloid cells had a significant better survival and
response to MAPK inhibitors than low CD8+ T cells and high CD163+ myeloid cells in
melanoma patients, and the HR was 0.34 (95% CI: 0.16 — 0.72).[28] In immunotherapy-
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Naive melanoma patients, CD8+ T cell infiltration was associated with improved overall
survival and significantly expanded with the anti-PD-1 blockade.[29]

In this study, we did not find the statistically significant association of B cells with overall
survival in cutaneous melanoma. This is in agreement with the report that there was no
difference in infiltrated B cells between responders and non-responders to immunotherapy.
[30] For NK cells, we found that patients with high abundance of NK cells survived
approximately 26.8 months longer than those with low abundance, although the association
was not statistically significant (p = 0.34). However, Cursons and colleagues recently
reported a significantly positive association between higher NK cells and better survival in
metastatic melanoma patients. [31] Although there is a discrepancy at statistical significance
level in the findings between ours and Cursons’ study, the direction of the association in
both studies is the same. This discrepancy may be due to different algorithms applied in
estimating the abundance of NK cells. Cursons and colleagues developed a gene-set ranking
score for NK cells based on the curation of LM22/CIBERSORT for active and resting NK
cells and LM7 NK cell gene sets. In contrast, the quanTIseq algorithm was applied for
estimation of total abundance NK cells (without further classifying active and resting NK
cells) in our study. In addition, it has been reported that there are differences in performance
across deconvolution pipelines for transcriptomics data.[32]

Interestingly, we found that patients with low CD4+ T cells had a significantly improved
survival than those with high one. This finding seems inconsistent with the previous reports
in which the role of CD4+ T cell was demonstrated in driving immune response against
tumor. [2, 3, 33] These three previous studies showed that neoantigen vaccines induced
CDA4+ rather than CD8+ T cell response in either preclinical mouse tumor models or a
clinical trial with a very small sample size. In these studies, synthetic peptides were used as
vaccines for melanoma treatment, which might have stimulated the differentiation of
polyfunctional CD4+ T cells into CD4+ T helper-1 (Th-1) cells, consequently activating
CD8+ T cells and secreting effector cytokines, e.g., IFN-y. In response to the context-
dependent microenvironmental signals, versatile CD4+ T cells also can differentiate into
other T helper subtypes, e.g., IL-17-releasing Th-17, IL-6- and IL-21-releaseing T-FH, and
TGF-B- and IL-10-releasing induced T regulatory cells (iTreg) besides IFN-y- and TNFa-
releasing Th-1 and IL-4- and IL-13-releasing Th-2. [34] Given that immunosuppression is a
hallmark of human cancer including melanoma, our finding of the association of high CD4+
T cells and poor survival suggests that CD4+ T cells most likely differentiated into iTreg
more than into Th-1 cells in the immunosuppression context of melanoma patients. In
agreement with this postulation, it has been reported that expanded unique Th-1-like CD4+
T cells were observed in non-tumor peripheral tissues in an active response to adjuvant
therapy.[35] Moreover, in melanoma patients who had received anti-CTLA4 antibody and
granulocyte-macrophage colony-stimulating factor (GM-CSF) therapy, circulating CD4+ T
cells showed their anti-tumor properties. [35]

Besides their involvement in energy harvest and storage, accumulating evidence shows that
gut microbiome also influences systemic inflammation and immunity. By fermenting
indigestible fibers, gut microbiome produces short-chain fatty acids (SCFA), such as
butyrate, acetate and propionate, which have an important anti-inflammatory activity. These
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SCFAs also participate intestinal homeostasis in the normal intestine by stimulating cell
proliferation and differentiation. [36] Gut dysbiosis leads to the damage of intestinal
barriers, allowing microbial translocation from its original niches to other niches where they
survive. Recently, two studies used robust approaches to evidence the presence of intra-
tumor bacteria.[17, 18] Cancer patients who responded to immunotherapy showed
significantly distinct signature of intra-tumor microbiome profile compared to those non-
responders.[18] In the extension and support of these studies, we found that intra-tumor
bacteria were associated with the abundance of infiltrated CD8+ T cells in cutaneous
melanoma. Out of the top 18 bacteria, the majority (n =16) were positively correlated with
CD8+ T cell infiltration, with Lachnoclostridum ranking the top, whereas two genera
(Elgibacterand Epilithonimonas) were negatively correlated with CD8+ T cell infiltration.
Furthermore, survival analysis demonstrated approximately 41% reduction in the mortality
risk of patients with the high abundance of intra-tumor Lachnoclostridium compared to
those with low one. Our studies suggest that the manipulation of gut microbiomes
(particularly Lachnoclostridium) may enhance the abundance of tumor infiltrating CD8+ T
cells, thereby improving immunotherapy. Interestingly, no statistically significant correlation
was found between intra-tumor Lachnoclostridium abundance and either NK, B or CD4+ T
cells. Pre-clinical studies demonstrating translocation of bacteria from the gut to metastatic
tumors are also warranted.

Lymphocyte infiltration is mainly governed by trafficking and adhesion-related molecules,
cytokines and chemokines that bind to transmembrane G protein-coupled receptors. Through
recognizing microbe-associated molecular patterns (MAMPS), such as bacterial
peptidoglycan, flagellin and unmethylated bacterial DNA CpG motifs as antigens), TLRs
trigger innate immunity, consequently initiating a complex cascade of signals, and activating
a variety of gene expressions, e.g., chemokines, cytokines and other immune response. [37]
In vitro cell lines and in vivo tumor-bearing immune-deficient mouse models showed that
chemokines, such as CXCL9, CXCL10, CCL5, CCL17, CXCL12, and CXCL13, were
expressed by tumor cells on exposure to gut bacteria, and defined chemokines were
determinants for the tumor infiltration of distinct T cell subsets.[38] For example, CCLY5,
CXCL9 and CXCL10 are chemokines for attracting the infiltration of CD8+ T cells and T-
helper 1 (Th-1) cells, whereas CCL17 and CXCL17 are for Th-1 and regulatory T cells
(Treg). Different species (or genera) showed different capacities to induce the chemokines
with distinct signatures. [38] In colorectal cancer (CRC) patients, there was a correlation
between the abundance of defined bacteria and high chemokines, enhanced CD8+ T cell
infiltration and improved prognosis.[38] For example, Lachnoclostrdium genus was
positively correlated with CXCL9, CXCL10, and CD8+ T cells. In addition, microbiome-
mediated metabolites may also participate the regulation of tumor infiltrating lymphocytes.
For example, in liver cancer, gut microbiome-mediated bile acid metabolites could induce
CXCL16 production, which drives the recruitment of NKT cells and consequently immune
response against liver cancer.[39] Gut microbiome could promote the recruitment and
responses of CD8+ T cells in CRC by altering all-trans-retinoic acid levels.[40, 41]
Lachnospiraceae (Lachnoclostridium), a short-chain fatty acid producer, was significantly
associated with decreased risk of CRC. [41] Consistent with this finding, previous studies
showed that responders to immune checkpoint blockades with -long-term remission had a
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higher abundance of Lachnospiraceae than non-responders in melanoma and renal clear cell
carcinoma and non-small cell lung cancer. In addition, increased CD8+ T cells were
observed in responders’ tumors.[42-44] The results of two recently published clinical trials
showed that Lachnospiraceae-enriched fecal microbiota transplant (FMT) improved anti-
PD-1 immunotherapy, and increased the infiltration of CD8+ T cells in melanoma patients.
[45, 46]_ It is interesting that different genera in the same family had opposite directions in
association with the abundance of infiltrating CD8+ T cells and its related chemokines
CXCL9, CXCL10 and CCL5. For example, in Flavobacteriaceae, Gelidibacter and Bizionia
were positively associated with infiltrating CD8+ T cells and the chemokines, whereas
Epilithonimonas and Algibacter were negatively associated with infiltrating CD8+ T cells
and the chemokines. It is still unknown what component(s) or metabolite(s) determine the
modulating effect on infiltration of CD8+ T cells.

One of the limitations of our study is a lack of information regarding systemic therapy, both
in the adjuvant setting for advanced disease and for distant metastasis. Of note, the
metastatic specimens were collected prior to widespread use of contemporary anti-PD-1-
based regimens, and survival was likely not affected by these drugs in the metastatic disease
setting. Lack of information on systemic therapy may lead to some bias in survival analysis
of infiltrating CD8+ T cells. Thus, we need caution in interpreting the survival analysis
results. However, the finding of the prognostic value of infiltrating CD8+ T cells is in
agreement with the previous reports in melanoma patients, and is in line with the proof-of-
concept of cytotoxic CD8+ T cells in human cancer. However, a strength in this study is a
relatively large sample size acquired from multiple sites. In addition, the availability of
adjuvant therapy information or not does not change the association of intra-tumor bacteria
and infiltrating CD8+ T cells, which is a major question we aimed to address.

In summary, our study demonstrates an association between intra-tumor bacteria and
infiltrating CD8+ T cells in cutaneous melanoma. By deep mining RNA-seq data from a
large cohort from the TCGA, we found gut microbiomes residing in tumor tissues which are
associated with abundance of infiltrating CD8+ T cells and chemokines for CD8+ T cell
migration with different intensities and directions. Short-chain fatty acid-producer
Lachnoclostridium ranked the top in positive association with infiltrating CD8+ T cells and
chemokines CXCL9, CXCL10 and CCL5 in cutaneous melanoma tissue. We also observed
that infiltrating CD8+ T cells and high Lachnoclostridium significantly benefit patient
survival in cutaneous melanoma. To our knowledge, this is the first study to show that intra-
tumor gut microbiomes could affect the abundance of infiltrating CD8+ T cells in cutaneous
melanoma. These findings suggest that modulating gut microbiomes may be a novel
approach in treating cutaneous melanoma. Particularly, it is warranted to explore whether or
not and how Lachnoclostridium can enhance CD8+ T cell infiltration and improve
immunotherapy using /7 vitro 3D organoids and /7 vivo animal models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight

High infiltration of cytotoxic CD8+ T cells benefits melanoma patient
outcomes.

Intratumor bacteria are associated with the infiltration of cytotoxic CD8+ T
cells.

Intratumor bacteria might affect the chemokines for migration of CD8+ T
cells.

High Lachnoclostridium load in tumor significantly reduced the mortality
risk.
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Association between intra-tumor bacteria and infiltrated CD8+ T cells in cutaneous
melanoma. Bar plot showing the correlation coefficients for top 18 intra-tumor bacteria

genera with a p value < 0.001.
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Figure 2.

Kaplan-Meier overall survival curves stratified by intra-tumor Lachnoclostridium abundance
in cutaneous melanoma. Patients with high Lachnoclostridium showed superior overall
survival than those with low one (log-rank p value = 0.009).
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Spearman correlation coefficients for the association between intra-tumor bacteria and chemokines for CD8*

T cell infiltration (n=369)

CXCL9 CXCL10 CCL5
Correlation Correlation Correlation

Variable coefficient p-value coefficient p-value coefficient p-value
Lachnoclostridium 0.56 <2.2x10716 0.56 <2.2x10716 0.57 <2.2x10716
Gelidibacter 0.25 7.8x1077 0.23 8.4x1076 0.25 8.5x1077
Flammeovirga 0.45 <2.2x10716 0.41 <2.2x10716 0.44 <2.2x10716
Acinetobacter 0.46 <2.2x10716 0.44 <2.2x10716 0.46 <2.2x10716
Tropicibacter 0.24 3.9x10°6 0.21 2.2x107° 0.25 9.3x1077
Liberibacter 0.24 1.99x1076 0.20 8.4x1075 0.19 2.0x107*
Hyphomonas 0.27 1.2x1077 0.26 2.3x1077 0.24 2.7x1076
Paenibacillus 0.41 <2.2x10716 0.43 <2.2x10716 0.31 6.5x10710
Pasteurella 0.26 2.5x1077 0.25 1.3x1076 0.17 7.9x107*
Amphibacillus 0.12 0.018 0.10 0.048 0.09 0.069
Olelphilus 0.06 0.278 0.03 0.529 0.12 0.024
Synergistes 0.03 0.575 0.04 0.448 0.05 0.335
Kurthia 0.25 7.5x1077 0.26 3.6x1077 0.13 0.009
Bizionia 0.16 0.002 0.13 0.013 0.13 0.014
Azovibrio 0.04 0.459 0.06 0.259 -0.002 0.975
Epilithonionas -0.18 0.0005 -0.17 0.001 -0.16 0.0018
Algibacter -0.13 0.009 -0.09 0.083 -0.14 0.007
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Association of intra-tumor Lachnoclostridium abundance with mortality risk in cutaneous melanoma patients

Variable HR 95% CI2 p-value
Model 1 (whole group)
Lachnoclostridium (high/Low) 0.55 0.40-0.76 0.0003
Age 1.02 1.01-1.03 0.0006
Sex (male/female) 0.91 0.66 - 1.29 0.634
Disease Stage (I11-1V/I-11) 1.73 1.25-2.40 0.0009
Model 2 (high CD8+ T cells)
Lachnoclostridium (high/Low) 0.57 0.33-0.99 0.046
Age 1.04 1.02-1.06 0.0001
Sex (male/female) 0.86 0.50 -1.47 0.580
Disease Stage (I11-1V/I-11) 1.86 1.10-3.13 0.020
Model 3 (low CD8+ T cells)
Lachnoclostridium (high/Low) 0.63 0.39-1.02 0.062
Age 1.01 0.99-1.02 0.338
Sex (male/female) 0.92 0.60-1.43 0.717
Disease Stage (I11-1V/I-11) 1.70 1.11-2.61 0.014
p-value for interaction between Lachnoclostridiumand CD8+ T cells 0.92

HR: adjusted hazard ratio, which was estimated using multivariate Cox regression model.

2. ) .
Cl: confidence interval.
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