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Background: Accumulating evidence has identified Fusobacterium as an important pathogenic gut bacterium associated
with colorectal cancer. Nevertheless, only limited data exist about the role of this bacterium in locally advanced rectal
cancer (LARC). In this study, we quantified Fusobacterium nucleatum in untreated and post-neoadjuvant
chemoradiotherapy (nCRT) samples from LARC patients and investigated its association with therapy response and
survival.
Patients and methods: A total of 254 samples from 143 patients with rectal adenocarcinomas were analyzed for the
presence and abundance of F. nucleatum using RNA in situ hybridization and digital image analysis. Assay accuracy was
determined using infected cell lines and tumor samples with available quantitative PCR data. We studied the impact of
F. nucleatum load on pathologic complete response and relapse-free survival. Treatment-induced changes were
evaluated in paired pre- and post-nCRT samples (n ¼ 71). Finally, tumor microenvironment changes during nCRT
were assessed in paired samples (n ¼ 45) by immune contexture analysis.
Results: F. nucleatum tissue levels by RNA in situ hybridization strongly correlated with quantitative PCR (r ¼ 0.804, P <
0.001). F. nucleatum abundance was higher in untreated [median, 7.4; 95% confidence interval (3.7e16.2)] compared
with treated [median, 1.6; 95% confidence interval (1.3e2.4)] tumors (P <0.001) with 58% (73/126) and 26% (22/85)
positive tumors, respectively (P < 0.001). Baseline F. nucleatum levels were not associated with pathologic complete
response. F. nucleatum positivity after nCRT, but not baseline status, significantly increased risk of relapse [hazard
ratio ¼ 7.5, 95% confidence interval (3.0e19.0); P < 0.001]. Tumors that turned F. nucleatum-negative after nCRT
had a strong increase in CD8þ T cells post-nCRT (P < 0.001), while those that persisted F. nucleatum-positive after
nCRT lacked CD8þ T cells induction in post-nCRT samples compared with baseline (P ¼ 0.69).
Conclusion: F. nucleatum persistence post-nCRT is associated with high relapse rates in LARC, potentially linked to
suppression of immune cytotoxicity.
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INTRODUCTION

Neoadjuvant chemoradiotherapy (nCRT) followed by total
mesorectal surgical excision represent the standard treat-
ment in patients with locally advanced rectal cancer (LARC).
Patients receiving radiation therapy and fluoropyrimidine-
based concurrent nCRT show improved rates of tumor
downstaging and local control.1 Multiple studies have
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shown reduced local relapse rates and improved patient
survival rates after nCRT as compared with adjuvant treat-
ment alone,1,2 particularly when radiographic and/or path-
ologic complete response (pCR) is achieved.3e6 However,
only one-third of patients achieve pCR with nCRT, and those
with either minimal regression or complete lack of response
have a substantial risk of recurrence.3,7

The mechanisms underlying the observed heterogeneity
of tumor sensitivity to nCRT are not well understood, and
biomarkers to predict response to nCRT or relapse after
optimal treatment of those not achieving pCR remain an
unmet clinical need. A range of clinical, radiologic, serologic,
histopathologic, immunologic, and genetic factors have
been studied as potential predictors of response to nCRT in
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LARC.8e12 More recently, the gut microbiota is increasingly
recognized as having an important role in human colorectal
cancer (CRC) development and progression13e15 playing an
intricate role in the modulation of the efficacy of a number
of therapeutic approaches against cancer.16,17

Fusobacterium nucleatum is an important pathogenic gut
bacterium associated with CRC.18,19 The presence of
F. nucleatum positively correlates with proximal tumor
location, microsatellite instable tumors and higher CRC-
specific mortality.20 We have recently shown that treat-
ment of Fusobacterium-harboring patient-derived xeno-
grafts with the antibiotic metronidazole decreases
Fusobacterium load, cancer cell proliferation, and tumor
growth.21 In addition, Fusobacterium may promote CRC
chemoresistance to oxaliplatin and fluorouracil (5-FU) regi-
mens by modulating autophagy22 in line with clinical data
showing an association between a high amount of
F. nucleatum and poor outcomes.20 However, information
on F. nucleatum abundance in LARC and the impact of CRT
on the bacterium tissue levels is limited. Whether
F. nucleatum positivity at baseline affects response to nCRT,
or its persistence in residual tumor at surgery associates
with relapse is unknown.

In this study, we evaluated the prevalence, patterns, and
clinicopathological characteristics of F. nucleatum infection
in LARC by high resolution in situ analyses conducted in
primary tumor samples collected before and after nCRT and
compared with those observed in a control cohort of un-
treated patients.We also assessed the ability of intratumoral
F. nucleatum status determined in pre- and post-treatment
tissue samples to predict the response in patients with
LARC treated with nCRT and long-term prognosis. Finally, we
looked at the relationship between F. nucleatum and im-
mune cells in the tumor microenvironment.

METHODS

Patients and samples

The study group comprised 143 non-consecutive patients
who were diagnosed with rectal adenocarcinomas at Vall
d’Hebron University Hospital between 2007 and 2018 and
who had available tissue for analysis. Eighty-seven patients
had LARC treated with nCRT. LARC was defined as by T3/4
and/or node-positive tumors within 15 cm of the anal verge
on rigid sigmoidoscopy and tumors below or at anterior
peritoneal reflection defined by magnetic resonance imaging
(MRI), without evidence of distance metastasis. Treatment
response to nCRT was classified based on the tumor
regression system. pCR was defined as the absence of any
residual invasive tumor in the surgical resection specimen
(GR0). GR0 and GR1 (near complete) response were classi-
fied as nCRT responders; GR2 as intermediate responders;
and GR3 to GR5 as no responders. The control cohort
included 56 patients with stages I to III rectal cancer who did
not receive preoperative treatment given the tumor stage at
diagnosis (stage I, low risk stage II upper rectal cancer),
emergency surgery, or ineligibility for radiotherapy treat-
ment (i.e. previous pelvic radiotherapy for prostate or cervix
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neoplasms). All patients undergoing surgery were adminis-
tered metronidazole prophylaxis between 0 and 2 h before
the procedure. The study was approved by the Vall d’Hebron
University Hospital institutional ethical review board.

F. nucleatum in situ hybridization and image analysis

RNA in situ hybridization (RNA-ISH) was conducted using
the RNAscope® technology (see supplementary Material,
available at Annals of Oncology online). RNA-ISH stained
slides were digitalized for signal quantification using a
custom-made algorithm that automatically detected and
counted individual and clustered red signals corresponding
to bacteria mRNA molecules within a determined tumor
region of interest. Whenever possible, a region of interest
corresponding to adjacent normal rectal mucosa was drawn
and included in the analysis. Results were expressed in
density values (number of bacterial cells per mm2 of tissue).
Assay specificity was determined using HCT116 cell lines
infected with increasing dose of F. nucleatum (multiplicity of
infection: 0, 1, 10, 100) previously used in Bullman et al.21

For comparative analysis between RNA-ISH and quantita-
tive PCR (qPCR), we used qPCR data from 71 CRC samples
of the ‘formalin-fixed, paraffin-embedded (FFPE) paired
cohort’ studied in Bullman et al.21 (see supplementary
Material, available at Annals of Oncology online).

Immunohistochemistry

Immunohistochemistry (IHC) was carried out on consecu-
tive sections using CD3, CD8, programmed death-ligand 1
(PD-L1) and pan-keratin antibodies (supplementary
Table S1, available at Annals of Oncology online). The
entire process was carried out in the Benchmark ULTRA
system and all reagents were from Ventana Medical Sys-
tems, Tucson, AZ (see supplementary Material, available at
Annals of Oncology online). Slides were digitalized using a
slide scanner and quality checked by a pathologist before
digital image analysis (DIA). For immunohistochemistry
staining quantification, we used different DIA algorithms
(see supplementary Material, available at Annals of
Oncology online). In the case of CD3 and CD8, densities of
intratumoral and peritumoral stained immune cells were
calculated. For PD-L1 analysis, the combined positive score
(CPS) was calculated by dividing the number of PD-L1-
positive cells by the total number of pan-keratin-positive
tumor cells multiplied by 100.

Statistical analyses

Continuous variables were expressed as median and inter-
quartile range (IQR) or range (min-max). Categorical vari-
ables were expressed as absolute values and percentages.
The median was used as a cut-off point for categorical
variables (immune cells density). For F. nucleatum, the
arbitrary cut-off of four bacteria cells/mm2 of tissue was
used to define F. nucleatum-positive versus F. nucleatum-
negative tumors. This F. nucleatum positivity cut-off was
defined before any clinical outcome data were explored
based on validation studies in cell lines and tissues.
https://doi.org/10.1016/j.annonc.2020.06.003 1367
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Comparison of continuous variables was carried out with
the non-parametric ManneWhitney U test (two groups),
Wilcoxon rank sum test (two groups of paired samples) or
KruskaleWallis test (more than two groups) with adjust-
ment for multiple testing according to the Bonferroni
method. Spearman correlation analysis was used to
compare two continuous variables. For the univariate
analysis of categorical variables, we used the chi-square test
or Fisher’s exact test and the McNemar test for paired
samples. Responders were defined as patients achieving
complete response (GR0) or near complete response (GR1)
after nCRT. Relapse-free survival (RFS) was calculated from
the date of surgery of primary tumor to first relapse (either
local or distant) or last follow up date (censoring). Survival
analysis was calculated using the KaplaneMeier method
and log-rank test was used for statistical comparison. Cox
proportional-hazard models were used to obtain hazard
ratios (HRs) with 95% confidence intervals (CI). Statistical
significance was accepted at the conventional two-sided
P < 0.05 thresholds. All analyses were carried out using R
version 3.6.2 statistical software package, Vienna, Austria.

RESULTS

Optimized RNA-ISH assay for intratumoral F. nucleatum
detection within intact tissue

To develop an automated RNA-ISH workflow enabling
simultaneous visualization and quantification of bacteria
within the tissue context in FFPE sections, we built upon a
methodology originally developed in our laboratory for
F. nucleatum visualization21 and subsequently automatized
both the technical and analytical steps to enable robust
determination of intratumoral bacteria content. Briefly, the
assay used chromogenic RNA-ISH combined with DIA to
allow for automatic counting of bacteria. In order to verify
that the RNA-ISH assay could specifically detect F. nucleatum
at the expected density, we used HCT116 cell lines infected
with increasing dose of F. nucleatum (multiplicity of infec-
tion: 0, 1, 10, 100). Mean (range) F. nucleatum densities
were 2.4 (1.5e3.8), 1246.7 (1054.5e1598.8), 4552.6
(4055.3e5016), and 36728.8 (25744e47147.6) in cell lines
infected with 0, 1, 10, and 100, respectively (Figure 1A and
B, supplementary Table S2, available at Annals of Oncology
online). We then investigated whether the method could
provide reliable quantitative expression data on FFPE human
CRC samples by performing a parallel analysis of the bacteria
tissue abundance by qPCR and RNA-ISH. Data obtained with
the two methods were highly concordant (ISH versus qPCR,
Pearson correlation 0.804, P < 0.001, Figure 1C). The
agreement rate of the two methods in classifying a tumor
according to F. nucleatum status was 86% (Fisher’s exact
test, P < 0.001, supplementary Table S3, available at Annals
of Oncology online).

Spatial analysis showed that F. nucleatum was mainly
localized at the luminal surface of the tumor. Bacteria
usually aggregated together forming cluster signals which
were found freely distributed within the intestinal lumen
(Figure 1D), adherent to necrotic tissue in ulcerated tumors
1368 https://doi.org/10.1016/j.annonc.2020.06.003
(Figure 1E) or directly to tumor cells with individual bacteria
invasion (Figure 1F).

Patient characteristics

The study included 143 patients (Table 1, supplementary
Figure S1, available at Annals of Oncology online). Males
represented 61.5% of the population. The median age at
diagnosis was 71 years (range, 45e90). All tumors were
diagnosed as adenocarcinomas. Eighty-seven patients
received nCRT (treated cohort), which consisted of a com-
bination of fluoropyrimidine (capecitabine 850 mg/m2 twice
daily, 7 days per week, from the first to the last day of
radiotherapy) (n ¼ 69, 79.3%) or short course radiotherapy
alone using the schedule of 5 Gy for 5 consecutive days (n¼
18, 20.7%). The median time from the end of nCRT to
surgery was 9.9 weeks (range, 1.4e21.6). Eight patients
(9.5%) had pCR (GR0), 13 patients (15.3%) had occasional
microscopic foci of residual tumor (GR1), and 64 patients
(75.3%) had intermediate or no tumor regression. In two
patients (2.3%), regression grade was not available
(supplementary Table S4, available at Annals of Oncology
online). No significant associations between clinicopatho-
logical features and pathological response after nCRT or RFS
were observed (supplementary Table S5, available at Annals
of Oncology online). Fifty-six patients were included in the
untreated control cohort. No significant differences in the
patients’ clinicopathological features were found between
treated and untreated cohorts, with the exception of dis-
ease stage at diagnosis, as anticipated (Table 1).

F. nucleatum abundance in LARC

F. nucleatum was successfully evaluated in 251 out of 254
tumor samples (untreated, n ¼ 166/167; treated, n ¼ 85/
87). The median F. nucleatum density was 7.4 (IQR 2.1e
52.0) in untreated samples and 1.6 (IQR 0.8e4.4) in post-
nCRT samples (ManneWhitney P < 0.001). When consid-
ering F. nucleatum as a categorical variable (positive versus
negative), rates of F. nucleatum positivity were 57% and
25% in untreated and nCRT-treated tumors, respectively
(Fisher’s exact test P < 0.001).

Normal adjacent mucosa was evaluable for analysis in 36
samples (untreated, n ¼ 19; treated, n ¼ 16). Median
F. nucleatum density in adjacent normal tissue was 0.3 (IQR,
0.0e0.9) with 0% of samples being positive (untreated tu-
mors versus normal, P < 0.001; treated tumors versus
normal, P < 0.001). F. nucleatum did not differ according to
normal sample origin (untreated, median ¼ 0.2; treated,
median ¼ 0.3; P ¼ 0.85).

We did not find significant differences in the median
densities or proportion of positive cases across sample
types and cohorts (supplementary Table S6, available at
Annals of Oncology online). A trend towards a higher me-
dian value in endoscopic samples as compared with un-
treated surgical specimens was observed (P ¼ 0.13).

Lastly, we searched for associations between a patient’s
clinicopathological features and F. nucleatum status in un-
treated samples. No significant differences in F. nucleatum
Volume 31 - Issue 10 - 2020
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Figure 1. RNA-ISH assay for intratumoral Fusobacterium nucleatum visualization and quantification.
(A) Representative RNA-ISH images of HCT116 cell lines infected with increasing dose of Fusobacterium nucleatum (multiplicity of infection: 0, 1, 10, 100 from left to right;
digital magnification, 30�). Upper: RNA-ISH; bottom: RNA-ISH after digital image analysis (DIA). (B) Boxplot of F. nucleatum densities quantification by DIA in infected cell lines
(multiplicity of infection: 0, 1, 10, 100). (C) Boxplot of log10-transformed Fusobacterium densities by DIA by qPCR categories (high: ct value�30; intermediate: ct value 31e35;
low: ct value 36e39 and negative: ct value >40). (DeF) Representative RNA-ISH images showing patterns of F. nucleatum infection in rectal cancer tissue samples (digital
magnification, upper:10�, bottom: 30�). (D) Non-adhesive F. nucleatum; (E) adhesive F. nucleatum in correspondence of ulceration; (F) invasive F. nucleatum.
ISH, in situ hybridization; qPCR, quantitative PCR.

G. Serna et al. Annals of Oncology

Volume 31 - Issue 10 - 2020 https://doi.org/10.1016/j.annonc.2020.06.003 1369

https://doi.org/10.1016/j.annonc.2020.06.003
https://doi.org/10.1016/j.annonc.2020.06.003


Table 1. Clinicopathological variables description of included patients (left). Comparison of variables between treated and untreated patients (right).

Variables All (N [ 143) Patients by neoadjuvant therapy

Treated (N ¼ 87) Untreated (N ¼ 56) Fisher’s exact test

Age at diagnosis 71.4 (45.0e90.6) Age at diagnosis 71.2 (48.7e86.7) 71.6 (45.0e90.6) P ¼ 0.99
Median (range), years

Sex, n (%) Sex, n (%) P ¼ 0.86
Male 88 (62) Male 53 (60) 35 (40)
Female 55 (38) Female 34 (62) 21 (38)

Histology, n (%) Histology, n (%) P ¼ 0.11
Conventional 123 (88) Conventional 78 (63) 45 (37)
Mucinous 17 (12) Mucinous 7 (41) 10 (59)

Stage, n (%) Stage, n (%) P < 0.001
I 16 (11) I 0 (0) 16 (100)
II 23 (16) II 7 (30) 16 (70)
III 103 (73) III 79 (77) 24 (23)

Relapse, n (%) Relapse, n (%) P ¼ 0.39
0 114 (80) 0 67 (59) 47 (41)
1 29 (20) 1 20 (69) 9 (31)

Survival, n (%) Survival, n (%) P ¼ 0.56
Alive 105 (73) Alive 62 (59) 43 (41)
Dead 38 (27) Dead 25 (66) 13 (34)

Fusobacterium (pre), n (%) P ¼ 0.15
Positive 45 (62) 28 (38)
Negative 25 (47) 28 (53)

Time to surgery 3.2 (2.4e4.4) Time to surgery 4.9 (4.6e5.1) 1.3 (1.1e1.6) P < 0.001
Median (95% CI) months Median (95% CI) months

CI, confidence interval.
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positivity according to age, sex, stage, and histology were
observed (supplementary Table S7, available at Annals of
Oncology online).
Association of F. nucleatum with response to nCRT

We evaluated the association of pretreatment and post-
treatment F. nucleatum with response after nCRT.
F. nucleatum abundance at baseline was not predictive of
pathological response, neither as a continuous nor as a
categorical variable. Median F. nucleatum densities were
18.1 (0.6e4658) and 9.3 (0.0e1665) in responders and
non-responders, respectively (P ¼ 0.27). The rates of
response in F. nucleatum-positive and F. nucleatum-nega-
tive tumors were 34% and 13%, respectively (odds ratio ¼
3.6, 95% CI 1.0e17.51, P ¼ 0.08, supplementary Table S8,
available at Annals of Oncology online).

A total of 85 patients had post-treatment surgically resec-
ted tumors with F. nucleatum data. There was no association
between F. nucleatum status at surgery and response to nCRT.
F. nucleatum remained positive in 10% of patients achieving
response (GR0 andGR1) comparedwith 27%of thosewho did
not responded (P¼ 0.13, supplementary Table S8, available at
Annals of Oncology online).
Association of F. nucleatum with relapse after nCRT

In the control cohort, relapse rates were 21% and 11% in
the F. nucleatum-positive and F. nucleatum-negative sub-
groups, respectively (HR ¼ 2.2, 95% CI: 0.5e8.9, P ¼ 0.20)
(Figure 2A, supplementary Figure S2A, available at Annals of
Oncology online). When considering stages II and III only in
the control cohort, a trend towards worse outcomes was
observed (HR ¼ 5.8, 95% CI: 0.7e50.4, P ¼ 0.07]
1370 https://doi.org/10.1016/j.annonc.2020.06.003
(supplementary Figure S2B, available at Annals of Oncology
online).

In the treated cohort, pretreatment F. nucleatum status
was not a determinant of RFS after nCRT (HR ¼ 0.9, 95% CI:
0.3e2.9, P ¼ 0.98) (Figure 2B). On the other hand, when
bacterium status was determined in post-treatment sam-
ples, the proportion of patients experiencing a relapse after
nCRT was 59% (13/22) in the F. nucleatum-positive group
and 11% (7/63) in the negative subgroups, respectively
(odds ratio ¼ 11.6, 95% CI: 3.2e43.3, P < 0.001) deter-
mined in post-treatment samples. The median RFS was 21
months (12.5enot reached) and not reached in the
F. nucleatum-positive and F. nucleatum-negative subgroups,
respectively (HR ¼ 7.5, 95% CI: 3.0e19.0, P < 0.001)
(Figure 2C). In a survival model adjusting for preoperative
treatment regimen (CRT versus radiotherapy only), the
association between post-treatment F. nucleatum status
and prognosis was maintained (supplementary Table S9,
available at Annals of Oncology online).

As pCR is a known prognostic marker after nCRT, we
carried out the same survival analysis after excluding pa-
tients who experienced pCR. Post-nCRT F. nucleatum status
remained a significant predictive marker for RFS with
F. nucleatum-positive patients showing a significantly higher
risk of developing a later recurrence after nCRT (HR ¼ 7.1,
95% CI: 2.8e18.0, P < 0.001) (supplementary Figure S2C,
available at Annals of Oncology online).
Treatment-associated changes of F. nucleatum in paired
samples

A total of 71 patients had paired pre- and post-nCRT sam-
ples with F. nucleatum data. Compared with untreated bi-
opsy samples, levels of F. nucleatum at surgery were
Volume 31 - Issue 10 - 2020
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Figure 2. KaplaneMeier curves for relapse-free survival (RFS).
(A) Control cohort by Fusobacterium nucleatum baseline status. (B) Treated cohort by F. nucleatum status in pre-neoadjuvant chemoradiotherapy (nCRT) tumor samples.
(C) Treated cohort by F. nucleatum status in post-nCRT tumor samples. (D) Paired treated cohort grouped according to the shift in F. nucleatum status between pre-nCRT
and post-nCRT paired samples. N-N: patients who maintained negative F. nucleatum status before and after treatment. P-N: patients in whom F. nucleatum was negative
after treatment. P-P: patients with a positive F. nucleatum status in both samples.
HR, hazard ratio.
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significantly lower (median, untreated ¼ 13.5 and treated¼
1.5, P < 0.001). The proportion of F. nucleatum positivity
significantly dropped from 67.1% to 21.7% upon treatment
(Fisher’s exact test, P < 0.001).

All tumors that were negative at baseline were also
negative after nCRT (N-N, n ¼ 23, 34%). Among
F. nucleatum-positive tumors at baseline, 44% changed
F. nucleatum status from positive to negative (P-N, n ¼ 30)
while 22% remained positive in the post-nCRT sample (P-P,
n ¼ 15) (McNemar test, P < 0.001). Patients with P-P tu-
mors had a higher risk of developing a relapse (HR ¼ 9.0,
95% CI: 3.0e27.2, P < 0.001) as compared with tumors that
were negative (N-N) or negativized (P-N) upon treatment
(Figure 2D, supplementary Figure S3, and supplementary
Table S10, available at Annals of Oncology online). The in-
terval between the end of nCRT and surgery did not impact
on F. nucleatum status group change (supplementary
Figure S4, available at Annals of Oncology online).
Volume 31 - Issue 10 - 2020
F. nucleatum and immune microenvironment

Among 71 patients from the treated cohort with paired pre-
and post-nCRT samples, 45 had immune cells content data.
Median pretreatment densities of CD3þ and CD8þ cells
were 1023.5 (IQR 745.8e1326.0) and 119.0 (IQR 70.0e
167.0), respectively. Median PD-L1 CPS was 14.3 (IQR 6.0e
20.5). Tumor-infiltrating lymphocytes did not significantly
differ according to F. nucleatum status in pretreatment
samples (P¼ 0.81). After treatment, no significant changes in
CD3þ (median density¼ 669, IQR 329.5e1301.8) and PD-L1
expression (median CPS¼ 3.9, IQR 1.2e12.7) were observed
as compared with baseline (P¼ 0.12 and 0.15, respectively).
In contrast, CD8þ immune infiltration increased significantly
upon treatment (median ¼ 312.0, IQR 183.0e726.0; P <
0.001). When stratifying post-treatment samples by
F. nucleatum status, significant lower densities of all immune
cell subtypes and PD-L1 expression were observed in
F. nucleatum-positive compared with F. nucleatum-negative
https://doi.org/10.1016/j.annonc.2020.06.003 1371

https://doi.org/10.1016/j.annonc.2020.06.003
https://doi.org/10.1016/j.annonc.2020.06.003


Annals of Oncology G. Serna et al.
tumors (CD3, P ¼ 0.004; CD8, P ¼ 0.001; PD-L1, P ¼ 0.02)
(Table 2, supplementary Figure S5, available at Annals of
Oncology online).

Then, to better understand the interaction between
F. nucleatum and immune microenvironment during nCRT,
we investigated CD8þ immune cells densities in the three
different patient subgroups that consider the changes in
F. nucleatum status pre- and post-nCRT (N-N, P-N, and P-P).
Median CD8þ cells densities did not differ significantly
across groups in pretreatment samples (104, 119, and 82 in
N-N, P-N, and P-P, respectively, P ¼ 0.69). In post-treatment
samples, median CD8þ density was significantly higher in
N-N and P-N (440 and 532, respectively) as compared with
P-P (163) tumors (P ¼ 0.006). Intra-group comparison
showed post-treatment CD8þ increase in N-N (P ¼ 0.01)
and P-N (P < 0.001) tumors but not in P-P tumors (P ¼
0.51) (Figure 3).

DISCUSSION

To our knowledge, this is the first study to evaluate
F. nucleatum changes in primary rectal cancer exposed to
nCRT. Our data provide an opportunity to understand
treatment-associated changes of tumor microenvironment
in relation to F. nucleatum status between pre- and post-
nCRT specimens and how these may affect a patient’s
outcome.

Fusobacterium is increasingly recognized as having an
important role in human CRC carcinogenesis. In two seminal
studies in which the microbial composition of tissue sam-
ples from CRCs were compared with matched normal colon
specimens using genomic analyses, Fusobacterium abun-
dance was the most significantly different bacteria between
the two groups with F. nucleatum infection being prevalent
in human CRC.18,19 Since then, several studies have aimed
to both confirm and strengthen this association. Collec-
tively, these data have shown that F. nucleatum-positive
tumors may represent a distinct CRC subgroup correlated
with proximal location, microsatellite instability, and worse
prognosis.23,24

No previous studies have specifically addressed the
prevalence, prognostic, and predictive roles of F. nucleatum
in LARC. In the largest retrospective analysis of F. nucleatum
conducted on 1102 CRCs using quantitative PCR, rectal
cancers (n ¼ 157) exhibited the lowest proportion of
Table 2. Immune cells densities and programmed death-ligand 1 (PD-L1) expres
treated cohort.

Sample type Median (IQR) P valuea

CD3D Pre
Post

1023.5 (745.8e1326.0)
669 (329.5e1301.8)

0.12

CD8D Pre
Post

119.0 (70.0e167.0)
312.0 (183.0e726.0)

<0.001

PD-L1 Pre
Post

14.3 (6.0e20.5)
3.9 (1.2e12.7)

0.15

a Wilcoxon test for paired samples.
b ManneWhitney U test for unpaired samples.
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F. nucleatum-high tumors (2.5%).25 However, the global
prevalence (including tumor with both high and low bac-
terial DNA content by PCR) was 12.5%, which was not
significantly different from tumors originating from prox-
imal colon (n ¼ 536, 15.6%, P ¼ 0.365).

In our study, the positivity rate of intratumoral
F. nucleatum infection in LARC was 57%, which is higher
than the one reported in the USA cohort, but in line with
prevalence data from other CRC studies.26,27 Factors
including geography, ethnicity, experimental methodology
used, and study cohort can explain the variability in the
reported infection rates.23,28,29

For the first time, here we used an automatized version
of the RNA-ISH assay we originally developed for bacteria
visualization in matched primary and metastatic CRC intact
FFPE tissues.21 Beyond providing reliable quantitative in-
formation on bacterial tissue content, this assay brings
spatial information by unveiling how F. nucleatum interacts
with host cells within the tumor microenvironment.

Personalization of treatments in LARC relies on the
identification of prognostic and predictive biomarkers in
patients undergoing nCRT, which remains an unmet clin-
ical need.30 Pretreatment F. nucleatum status did not
impact on rectal cancer prognosis, although a trend for
higher relapse was noticed in untreated stage II and III
populations. We also observed that neither pretreatment
nor post-treatment F. nucleatum was associated with
response to nCRT, thus limiting its use as a predictive
biomarker of pCR.

More importantly, the presence of bacteria in post-
treatment samples was significantly associated with a
higher risk of relapse. Our data show that chemotherapy
and radiation are able to significantly reduce the intra-
tumoral content of F. nucleatum and to induce a tumor to
shift from an F. nucleatum-positive to an F. nucleatum-
negative status in two-thirds of cases. Tumors changing
their ‘microbiotype’ from positive to negative behaved as
F. nucleatum-negative tumors and showed improved RFS.
On the other hand, those tumors that remained
F. nucleatum-positive after preoperative CRT had a higher
risk of developing a relapse during follow up. Interestingly,
tumors that turned F. nucleatum-negative after nCRT had a
strong increase in CD8þ T cells post-nCRT, while those that
persisted F. nucleatum-positive after nCRT lacked CD8þ
sion data by sample type and Fusobacterium nucleatum status from paired

Fusobacterium nucleatum status P valueb

Positive Negative

1024.0 (760.0e1315.0)
261.0 (175.8e387.0)

1024.0 (583.5e1451.8)
723.5 (147.0e1578.5)

0.95
0.004

119.0 (70.0e154.0)
163.0 (73.0e220.0)

114.5 (69.0e203.0)
486.0 (34.0e788.0)

0.81
0.001

14.3 (5.5e20.5)
1.1 (0.7e3.5)

13.9 (7.7e19.0)
5.9 (1.9e17.1)

0.97
0.02
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Figure 3. Tumor immune microenvironment modulation according to treatment-induced microbiotype status change.
(A) Multiple parallel coordinate plot and boxplot of the change of CD8þ cells density values in three groups of patients defined based on the change of Fusobacterium
nucleatumstatus from pre-nCRT samples to post-nCRT samples (N-N, negative-negative; P-N, positive-negative; P-P positive-positive). Each line joins both samples
belonging to the same patient. The blue lines highlight the increase in CD8þ while the pink lines indicate a decrease in these values. (B) Representative immuno-
histochemistry images of CD8 immune cells staining in pre-nCRT and post-nCRT paired samples (digital magnification, 10�).
nCRT, neoadjuvant chemoradiotherapy.
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T cells induction in post-nCRT samples as compared with
baseline.

Our observation of the differences in immune cell in-
duction according to post-treatment F. nucleatum status
suggests a possible mechanism of immunological mecha-
nism for worse outcome linked to the bacterium. CRT may
prime the immune system by a variety of underlying
mechanisms including an increase in tumor mutation
burden, creating appropriate mutations or neoantigens,
which are not fully understood.30,31 Other studies have
shown that high tumor-infiltrating lymphocytes content in
post-treatment surgical samples are associated with a better
outcome in rectal cancer.11,32 F. nucleatum is known to be
immunosuppressive,33e35 and that may play a role in che-
moresistance and metastasization.21,22 Our data suggest that
this anti-inflammatory and pro-metastatic program may be
Volume 31 - Issue 10 - 2020
particularly active in the context of nCRT, with F. nucleatum
promoting immune escape leading to disease recurrence.
One may hypothesize that patients with F. nucleatum-posi-
tive tumors may benefit from novel neoadjuvant or adjuvant
treatment approaches that target this bacterium to reduce
the risk of immune escape and metastatic seeding.

Our study has some weaknesses, including the small
sample size composed of non-consecutive patients selected
based on tissue and clinical data availability. Despite being
retrospective, our study followed a prospectively defined
protocol for data analysis based on the original research
objective. Lastly, the association between F. nucleatum and
immune microenvironment is hypothesis-generating in
terms of mechanistic insights, but we cannot prove causa-
tion in this study. Hence, our results require validation in
independent cohorts.
https://doi.org/10.1016/j.annonc.2020.06.003 1373

https://doi.org/10.1016/j.annonc.2020.06.003
https://doi.org/10.1016/j.annonc.2020.06.003


Annals of Oncology G. Serna et al.
In summary, our study creates a path forward by
leveraging microbiome profiling for consideration of alter-
native nCRT strategies in patients with locally advanced
rectal tumors. We provided useful information on the clin-
ical applicability of F. nucleatum as prognostic tissue
biomarker. We also suggested a possible mechanism
through which F. nucleatum may promote immune sup-
pression and favor metastatic spread in LARC, thus further
connecting the microbiome of CRC to immune modulatory
effects. Finally, our study highlights the great opportunity
for additional investigations aimed to elucidate how tar-
geting intratumoral F. nucleatum affects tumor growth and
dissemination.
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