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Diagnostic and prognostic
potential of the microbiome
In ovarian cancer treatment
response
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Ovarian cancer (OC) is the second most common gynecological malignancy and the fifth leading

cause of death due to cancer in women in the United States mainly due to the late-stage diagnosis

of this cancer. It is, therefore, critical to identify potential indicators to aid in early detection and
diagnosis of this disease. We investigated the microbiome associated with OC and its potential role in
detection, progression as well as prognosis of the disease. We identified a distinct OC microbiome with
general enrichment of several microbial taxa, including Dialister, Corynebacterium, Prevotella, and
Peptoniphilus in the OC cohort in all body sites excluding stool and omentum which were not sampled
from the benign cohort. These taxa were, however, depleted in the advanced-stage and high-grade OC
patients compared to early-stage and low-grade OC patients suggestive of decrease accumulation in
advanced disease and could serve as potential indicators for early detection of OC. Similarly, we also
observed the accumulation of these mainly pathogenic taxa in OC patients with adverse treatment
outcomes compared to those without events and could also serve as potential indicators for predicting
patients’ responses to treatment. These findings provide important insights into the potential use of
the microbiome as indicators in (1) early detection of and screening for OC and (2) predicting patients’
response to treatment. Given the limited number of patients enrolled in the study, these results would
need to be further investigated and confirmed in a larger study.

Ovarian cancer (OC) is the second most common gynecological malignancy and the fifth leading cause of death
due to cancer in women in the United States. These statistics reflect mainly the late-stage diagnosis and poor
prognosis of OC'=. Ovarian cancer consists of two major types: Type I (30%) and Type II (70%) tumors*. Type
tumors are mainly slow growing low-grade serous, mucinous, endometrioid or clear cell*. Type II tumors, on the
other hand, are usually aggressive high-grade serous, malignant mixed mesodermal, undifferentiated, or clear cell
carcinomas*. Only about 20% of all OC incidence is explained by host genetic factors, mainly through germline
mutations in the BRCAI and BRCA2 genes®”’. With high incidence rates especially in developed countries, efforts
in elucidating the cause of the remaining 80% of cases are focused on reproductive and environmental factors
including age®®, age at menarche!?, parity”'’, breast feeding'’, hormone replacement therapy (HRT)'"'?, and oral
contraceptive use'®". A reduced risk of ovarian cancer has been associated with increasing age at menarche,
increasing parity, breast feeding as well as oral contraceptive use®!*!*. Nulliparity and HRT on the other hand
have been associated with increased risk of ovarian cancer®''. While these and other risk factors contribute to
the incidence of OC, they do not address the question of tumorigenic mechanism.

Due to its largely asymptomatic nature during early stages, resulting in more than two-thirds of OC patients
presenting with advanced-stage disease'*, it is critical to expand the search for specific indicators to help in early
detection of the disease. Previous studies have shown significant influence of the microbiome in the etiology and
progression of various cancers including Helicobacter pylori and gastric cancer'®, Human Papillomavirus (HPV)
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and cervical cancer'® and Fusobacterium and colorectal cancer!”. We have also shown significant association
between Porphyromonas somerae and endometrial cancer'®'. Using our in-vitro invasion assays under hypoxic
conditions, we further showed intracellular invasion of endometrial adenocarcinoma cells by P somerae®. Sev-
eral studies have also detected significant levels of HPV-16 and 18 in OC patients*"*2. These results and many
others provide evidence that the microbiome is an important source of potential indicators for early detection,
diagnosis, or prognosis of the cancer. In this study, we sought to investigate the microbiome associated with OC
and its potential role in detection, progression as well as prognosis of the disease.

Results

To determine the impact of OC on the microbiome, we recruited women undergoing hysterectomy for OC or
a benign gynecologic condition requiring hysterectomy. We then proceeded to compare the microbiome of
patients with and without OC. Following that analysis, we focused on patients with OC and assessed the prog-
nostic potential of the microbiome. We examined this impact using various a- (Inverse Simpson, and Shannon
indices and observed ASVs) and - (weighted, unweighted, and generalized UniFrac distances and Bray-Curtis)
measures as well as differential abundance analysis. We report the a- and B-diversity measures with the most
significant results in the main text and the remaining in the supplemental material.

Patient demographics. We collected microbiome samples from a total of 64 women undergoing hyster-
ectomy for either OC (n=30) or a benign gynecologic condition (n=34) at the Mayo Clinic in Rochester, MN
(Table 1). Women with various benign gynecologic conditions were used as controls to characterize the micro-
biome specific to OC. The age (p=0.672), menopausal state (p=0.251) and body mass index (BMI) (p=0.353)
distributions were similar between both cohorts as shown in Table 1. We also show the results of tumor response
to treatment as well as patients’ status two years and four years post-diagnosis (Table 2).

The microbiome associated with ovarian cancer and benign uterine gynecologic condi-
tions. We sampled along the female reproductive tract (vagina, cervix, uterus, Fallopian tubes, ovaries), as
well as ascites or peritoneal fluid, omentum (OC cohort only), urine, and stool (OC cohort only) to characterize
the microbiomes of patients with either OC or a benign gynecologic condition. While the lack of omental and
stool samples in the benign cohort did not allow for the comparisons between the two cohorts in these sample
types, we were able to include the analysis of these samples in the OC cohort focusing on the impact of stage,
grade, histology, and treatment response. The high throughput sequencing of the V3-V5 region of the 16S rRNA
gene of all the 751 samples collected, including controls, yielded a total of 7076 ASVs. Our decontamination
process (filtering out microbial taxa more abundant in the negative controls as well as present in more than
one negative control) resulted in the removal of potential contaminants as shown in the abundance and relative
abundance plots in Supplemental Fig. SI. The results of our taxonomic analysis showed that the microbiomes
from the same body site of both benign and OC cohorts are generally dominated by the same microbial taxa to
varying amounts (Fig. 1). For instance, the relative abundance of Lactobacillus in the vagina is only ~ 15% in the
OC cohort compared to the ~30% in the benign cohort (Fig. 1). Several of these microbial taxa are also domi-
nant across body sites. For example, Lactobacillus appears to be a dominant species in OC (vagina, cervix, uterus,
Fallopian tubes, ovaries, and omentum) and benign (vagina, cervix, and urine) cohorts. Ezakiella also appear to
be dominant across multiple sites (uterus, Fallopian tubes, urine, stool) in both OC and benign cohorts (Fig. 1).
While Peptoniphilus is dominant in the cervix and ovaries of the benign cohort, Porphyromonas is particularly
dominant in the Fallopian tubes and ovaries of the benign cohort and the stool of the OC cohort (Fig. 1). We
also observed dominant levels of Bacteroides in the uterus, Fallopian tubes, ovary, ascites, and stool of the OC
cohort (Fig. 1). Both Prevotella and Streptococcus are also dominant in the vagina and uterus of both OC and
benign cohorts (Fig. 1).

The distinguishing potential of the microbiome in ovarian cancer. Microbiome compositions of
ovarian cancer patients differ significantly from those of patients with benign gynecologic conditions. To further
investigate the microbiome associated with OC, we summarized the differences in the microbiome composition
between patients with or without OC using various a- (within-sample richness and evenness) and p- (between-
sample) diversity measures. After adjusting for batch differences where necessary (See Methods), we com-
pared the vaginal and cervical samples, and the results showed no significant differences (unweighted UniFrac:
p=0.814) between them in agreement with results from our previous studies'*. We therefore combined the
vaginal and cervical samples (lower reproductive tract, LRT) by adding sequence reads from both body sites for
each patient in the rest of the present analysis. Our results revealed statistically significantly higher a-diversity in
the LRT of the OC cohort compared to the benign cohort (Fig. 2A, Observed ASVs: p=0.049; See Supplemental
Fig. S2 for other metrics) which was not seen in the other body sites (uterus: Fig. 2C, Fallopian tubes: Fig. 2E,
ovaries: Fig. 2G and urine: Fig. 2K). We also observed statistically significant -diversity differences in the uter-
us (Fig. 2D, unweighted UniFrac: p=0.004; Supplemental Fig. S3, weighted UniFrac: p=0.028), Fallopian tube
(Fig. 2F, Bray-Curtis: p=0.025) and urine (Fig. 2L, Bray—Curtis, p =0.047) between the benign and OC cohorts.
Of note, we also observed differences in the p-diversity of the LRT (Fig. 2B, unweighted UniFrac: p=0.052) and
ovarian (Fig. 2H, Bray-Curtis, p=0.088) microbiomes between the benign and OC cohorts that aligned with
other organs but did not reach statistical significance. These differences resulted in general enrichment of several
taxa, including Corynebacterium tuberculostearicum, Facklamia hominis and Ruminococcus faecis in the LRT and
the depletion of Microbacterium lacus in the ovaries of the OC cohort (Fig. 2M and N; Supplemental Tables 1-3).
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Benign (N=30) Ovarian Cancer (N=34) | p-value
Age at Diagnosis (years)
Median (Q1, Q3) 58.00 (50.25, 67.00) | 61.000 (55.25, 68.00) 0.672
Range 37.00-83.00 37.00-84.00
BMI (kg/m?)
Median (Q1, Q3) 27.07 (23.92,31.95) | 27.21(23.19, 29.76) 0.353
Range 19.21-40.82 20.48-41.22
Gravida 2.7(1.9) 2.2(1.6) 0.282
Parity 2.6(1.8) 1.9 (1.3) 0.075
Ethnicity
Caucasian 29 (96.7%) 31(91.2%)
Asian 1(3.3%) 1(2.9%) 0.402
Other 0(0%) 2(5.9)
Menopausal status
Pre/Peri 12 (40%) 8(23.5%)
Post 18 (60%) 26 (76.5%) 0231
Vaginal pH
Normal (<4.5) 6(20%) 1(2.9%)
High (>4.5) 18 (60%) 7 (20.6%) 0.805
Unknown 6(20%) 26 (76.5%)
Smoking status
Never smoker 20 (66.7%) 24 (70.5%)
Previous smoker 7 (23.3%) 6 (17.7%) 0.846
Current smoker 3 (10%0 4 (11.8%)
History of hypertension
Yes 18 (60%) 8(23.5%)
No 12 (40%) 25 (73.5%) 0.009
Unknown 0 (0%) 1(2.9%)
History of diabetes
Yes, Type II 4 (13.3%) 4 (11.8%)
No 26 (86.7%) 29 (85.3%) 1.000
Unknown 0 (0%) 1(2.9%)
Indication for hysterectomy
Suspicion for OC 0(0%) 32(94.2%)
Benign uterine conditions
Abnormal bleeding 13 (43.4%) 1(2.9%)
Post—menopau§al bleeding without biopsy prior to surgery with known 1(3.3%) 0
BRCA 1 mutation NA
No Abnormal Bleeding 14 (46.7%) 0
Uterine mass, pelvic fluid collection 1(3.3%) 0
Other—increasing CA 125 1(3.3%) 0
Unknown 0 (0%) 1(2.9%)

Table 1. Patient demographics. Significant values are in [bold]. Patient clinical characteristics. Data are
presented as median (IQR) for continuous covariates and count (percent) for categorical covariates. Statistical
significance assessed by t test for continuous covariates and chi-squared test for categorical covariates.

BMI, body mass index.

Ovarian cancer microbiome according to stage, grade and histology. Following the general char-
acterization of the microbiome from both OC and benign cohorts, we focused on characterizing the microbiome
associated with the stage, grade, and histology of OC (Table 2).

Significant association between stage and the microbiome. The presented results showed potentially important
associations between OC stage and various measures of diversity. Specifically, a significant association between
OC stage and a-diversity was observed across several sampling sites (Fig. 3 and Supplemental Fig. S4). Our
results showed a statistically significant association of stage with the a-diversity of the LRT microbiome (Fig. 3A,
Shannon, p=0.034; Supplemental Fig. S4). The benign cohort had significantly lower (early-stage: Shannon,
p=0.019) and higher (advanced-stage: Shannon, p=0.019) a-diversity than the OC cohort. We also showed sig-
nificant association of stage with the p-diversity in multiple organs (Fig. 3; Supplemental Fig. S5). These include
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Ovarian Cancer (N=34)

Category

Malignant 32(94.1%)
Borderline 1(2.9%)
Borderline Malignant Mixed 1(2.9%)
Malignancy type

Epithelial 25 (73.5%)
Primary peritoneal 2 (5.9%)
Fallopian tube 7 (20.6%)
Histology

Low grade serous 1(2.9%)
High grade serous 28 (82.4%)
Mucinous 2 (5.9%)
Endometrioid 1(2.9%)
Clear cell 2 (5.9%)
Stage

1 5 (14.7%)
2 2 (5.9%)

3 18 (52.9%)
4 9 (26.5%)
Grade

0 1(2.9%)

1 3 (8.8%)

2 1(2.9%)

3 29 (85.3%)
Surgery occurrence

Primary debulking 25 (73.5%)
Interval debulking 3(8.8%)
Completion staging 6 (17.6%)
Debulking status

Optimal; no macroscopic disease 27 (79.4%)

Optimal; macroscopic disease <1 cm 6 (17.6%)

Missing 1(2.9%)
Chemo sequence

Neoadjuvant 3(9.4%)
first-line 29 (90.6%)
N-Miss 2

Platinum chemo?

Yes 32 (100.0%)
N-Miss 2

Taxane chemo?

No 1(3.1%)
Yes 31 (96.9%)
N-Miss 2

Tumor response

Refractory 3(12.0%)

Resistant 1 (4.0%)

Sensitive 21 (84.0%)

N-Miss 9

Follow up (Status) post-diagnosis Two years Four years
Alive; no event 17 (51.5%) 4 (19.0%)
Alive; event 11 (33.3%) 6 (28.6%)
Dead 5 (15.2%) 11 (52.4%)
N-Miss 1 13

Table 2. Patient treatment response. Data are presented as count (percent). N-Miss, number of missing
information.

Scientific Reports | (2023) 13:730 | https://doi.org/10.1038/s41598-023-27555-x nature portfolio



www.nature.com/scientificreports/

“fyrepo reoryderd 10y umoys are yuedonred suo jsesy e ut Aouanbaiy 9AIIe[aI 94T Jo WNUITUTUI © Je Juasald exe) [erqoIorur AJuQ [o03S (1) ULl (H) 'WnuawQ (D) "PINJJ [BIUOILIdJ/SNISY

~

£reaQ () soqn) uerdoqre] (@) 'sni2in (D) XA () "euide (V) DO Moy Jo yym sjuaned jo sjofd (souepunge aarje[ar) uonisodurod AJrunururod [eIqoIdTu [9A3[-snUas) T 3Ly

199UED UBLEAD 190UED UePEAD  UBIUSE paysseun 199UED UBHEAD
' ' : L snoooooidens } L
wnuioporqyEooes poeuanen i “ — snosoooiddeis 0
el210n2.
1061S e 4 [ 2
5 geyeionaid [l eevez3 [l sz sz
dnouf sanbioy snoocoouwny [ isiEa z roror) B cloBs-ere — 2 2
Bungesoy eosuji00 g sroovooidapsnda oo —_— s 8
- |
o B 0 s M 5 s (G v 4 L E 3
diod uneig H snaocozieg wunoig —_—— S s
smpyduoided | sepiosojoeg g g eovezs [l g
sepiosoieqered [l sedysoioeuy [l H SOUnIGON saplosIoee H 1 wnuepeqeukioo |l 2
[a— snovoooiceuy 2 wnueioeqoidion -] unqodory [l w3 enneg —_—
snounjiqopy sajoeqoyiedy [l < [r— snooooosey Il < seploiejoeg z
eppjobeuy %1 > 19000 snoooooiseUy
saey > e
| sun H > wnmuewo O
109U ueeno  ubiog u ) 190uED UBLIEAD UBIUSE s
J— J—— ° R pe— o s r—
opotous — Ppeyisseioun 1 wnuepegeutioo [l sowouogorars I
A |——— 2
ez B L wninuesbjopans [l wnpeoeqouon Il dnoib eursews 62-00570 — | S s g
seaonar [l prsney | H " 7 | H saaresoy [l H
seuowoydosousis & 18108qOINED
apeionarg [ s wnuaprgeutio) |l > — b3 Py >
s — - dnoib senbio) snooosouiuny [ sjoeqorewny; [l sejoeqofig [l s € sionary [ | unopegoution s £
H — ——— ] H
. . 2 ri0-00n eveorooooouny seuoworers ennoig 2 i H
snwuaed Il seedojooude) | —" wnyeroeqosny [ wiodotiog [ g seuouoityaiog _ anaib - oveomovesuisio [ | g
erocoerng || swopopunge-suoseseo-sonang |l ] snnduodod [l sopoioony —
o000} <epoia o 0 200-90n eEs0Eo0000uNy [ eipjobaury sapiosejoeg o 8 sovowin wnigodon o 8
vl onors _—s epidenians endisopsey (1] snaooooiesuy — % vl -
nuopeaonaon |l snoooociovuy _— 2 snooooesey wnuapeqourory [l g
eroionoid [ wnyieroeqreooey sedsity
smuoeqooeT > soposeeqesed il snoooocseeuy
001 seuowoiydiog erovezs [l wnubouoy 0oL snouniqon sedisily -o0
n— W dnoib ] %4> 7 m wnpaeqorion [l %> d
PIn|d [eaUO}Iad/SAYISY 1eAQ ueidojjeq
STI9EGORET  iaoued uspien ublueg 100uB) UBYIEAD  UBIUoE 1ooue) uBliEAG  UBlUSE
wnueroeq paunynoun [ dnoib 9e LN SeaveidsouyoET Il . JE— : : L . . L
payisseroun exdsouyoet [l . | ByouojA wnaioeqosnd
snoo000idosis eppjoboury N ElIoLOlEA eeioupieo Il $190000Id11S eppjobeuy
Sn00000jAyders wnyepeqEoeES | 2 wnuejoeq penjnoun [l winueioeqosny. [ 2 eueeus eovezs W m 3
seuowoburyds [ " epeezs W £ $n00000I04S epjobaury S 1 v - w8
oo poicy J— 5 suaeaus el Qi p— wracnnc 1 4 unioostoskod M —
Blnqesoy el ] > 9 M@MM& | | JoIsielq > seuowoifydiod 18j0BqO/AdWED b B
9 ereI0neIg Jepeqojfdued [l E— 5 bt 05 g snavooojdessoided [l glofobiog [ | — cos £
eyei0naid [ ennelg s seuouwoifydiod a smyduoided [ wniqodory | a
5 puc §
SeuoWOIAdIoy sepioiojoeg 2 $no9020ldessolded ; H seuowinrey snooooosoeuy 3
— I
snosooorionseida ooy — E— | § snuyduoideq [ snqojboseeuy [ | — .8 H 8
_— e — = -
snyduoded [ sadusiy — & Seuouined SnooooioEy n [E——— 7 &
$N20000}dadf 1a10eq0yeby | " eyeseupres i %L >
eleyoopinpy seofwouoy oot eiovydsebopy Wl %> “ooL -0t
wnyseqoiion Il %1L> sniain o XINRD m euibep <

nature portfolio

https://doi.org/10.1038/s41598-023-27555-x

730 |

(2023) 13

Scientific Reports |



www.nature.com/scientificreports/

JuaIaPIp Apueoyrudis

are sdnoin, ‘[INg pue snyes asnedouaw 10J pajsnipe sem siskfeuy ‘sisdreue 0] Jotxd payarer sajdures TING pue ‘snjels ssnedoustu 10§ pajsnipe sem sTsATewry "01°0 > Y ¥e d5ueyd p[oj ou 199ja1
$9X0q YA "BXE) [BIqOIOIUI JuEpUNqe AJ[ENUSIdYPIP 33 Jo (d8ueyD) p[og “3o7) azis 10aya o) Jummoys sdeunes (O-IN) "£¥0'0=d Ks10A1p-¢ ‘OO sa udruag (1) "z8¢'0=d KNSIAIP-D DO SA
udruag () QurI) 2000 =d ANSIAIP-¢ DO sa uSruag ([) ‘z88°0=d ANSISAIP-0 ‘DO SA USIUSY () ‘PM[ [BIUOILIII/SAOSY '880°0 = d Ky1s10AIp-¢ ‘DO sA udruag (H) ‘99/'0=d ANSIoAIP-0 DO

sa uruag (o) ‘satreaQ '§70°0=d KNs1aAIp-¢ DO sa uSruag () ‘107°0=d KNsI9AIp-0 DO sa udruag () ‘oqm uerdoye] 00°0 =d Ls1oAp-¢d DO sa udruag () ‘£06°0 = d KUSIAAIP-0 DO

sa udtuag (D) snidyn 7500 =d Orrrun paydomun LIsIoarp-g OO sa uStuag (g) ‘6%0°0=d KISI0ATp-0 DO sa uStuag (V) ‘(eurdea pue X1a190) 1oe1) 2A1onpoIdar 1amoT jo[d uoneurpio

OB UT UMOTS ST JL1oUT JUedyTuSIs 150U oY, “pa3todar a1am SOLIAW a0Ue)SIp JeIJTup) pAydomun pue (D) snan)—Aerg KIISIoAIp-¢ 10 "partodar sem sASY paAIasqQ pue pauriofiod sem 1s9)
[eonISTIEIS PIeA B AJISISATP-D J0 ‘pareduwod s1om saInseats AJISIGAIP-¢ pue (SASY PaAIdsSqQ) -b Y1og "D MOYIM pue (M sjusrjed Uaam1dq SANISIFAIP-¢ pue -» Ajrunuruiod [ereioeq g Sy

192UB) UBLIBAQ .

ubluag .

v & susnbiopxe wnugnioiAuon [l

o

8- [ snhoe| wna}oeqoldIn .

WnoLes)sonoIagny wnusegauAIoD [l
siuiwoy elwepoe B8

0
N B
14 SI109.) SN22020UIWNY .

sajosy saleAQ N joei] dABONpoiday 1omo N
(%£'01)10d (%1°21)10d (%1'21)10d (%6'21)10d (%L'€1)10d (%8'52)10d
o 20 0o 20~ o= 90 o 20 00 20~ v0- 90~ 50 00 S0~ 90 ¥0 20 00 20~ v0- 90~ 7o 20 oo 20~ 0~ S0 00 S0~
A MR AT A ,
o Fe oo re . Fe s o Le
Xrs "l xrs -6
eouelsIp 0g q- souelsIp 08 —l— souelsip 08 H— 2douR}SIp JRIJIUN m
;
7 | ] kb
1
[ ‘ |
| | | 5
m«v m o m m ) m _ a,m
" o * 002
auun pIN|4 [eaUOIBd/SBHISY saleAQ saqnj ueidojjey sniajn joel] aAonpoiday Jamon

nature portfolio

https://doi.org/10.1038/s41598-023-27555-x

(2023) 13:730 |

Scientific Reports |



www.nature.com/scientificreports/

Lower Reproductive Tract

*

Ovaries

. G

Fallopian tubes

1

Uterus Stage: Differentially Abundant

Taxa (log2FoldChange)

c (o)

_Lower Reproductive Tract

]

W Corynebacterium sp.

| Corynebacterium tuberculostearicum
Corynebacterium singulare
Ruminococcus faecis
Uncultured Dialister sp.

| Fenollaria massiliensis
Facklamia hominis
Fusicatenibacter saccharivorans
Peptoniphilus koenoeneniae

Opsarna

Observed

Obsewei
o

6
4
2
0
2
4

Uterus s

BC distance UniFrac distance

F

Corynebacterium tuberculostearicum
. Roseateles depolymerans "

|4
| B

Urine

PC2(126%)
PC2(10.6%)
PCa(13.2%)

Uncultured Prevotella
Prevotella bergensis
Anaeroglobus geminatus

PC1(26%)

T T T T T T Dialister propionicifaciens
06 -04 02 00 02 04 06

| Dialister propionicifaciens

0
2
4
5

PC1(13.7%)

PC1(14.2%)

PC1(20.7%)

Ascites/Peritoneal Fluid

Stool

Arcanobacterium sp. Marseille-P3248
Cutibacterium avidum 5
U Cori iaceae b: i

1 Mobiluncus curtisii %
Alistipes shahii
Alistipes onderdonkii 7
Bacteroides caccae

Urine Stool -

. Benign
. Early Stage

. Advanced Stage

Porphyromonas bennonis

1 Prevotella buccalis

|\ Metaprevotella massiliensis
Uncultured Succiniclasticum sp.

e

Observed
]
Observed

Uncultured Anaerofilum sp.
Anaeromassilibacillus sp.
Christensenellaceae R-7 group
Fastidiosipila sanguinis
Anaerotruncus sp.

Levyella sp. Marseille-P3170

Murdochiella massiliensis
Murdochiella sp. Marseille-P8839

BC distance BC distance

Uncultured Eubacteriales bacterium

Negativicoccus succinicivorans
Uncultured Peptococcus sp.

1 Peptoniphilus duerdenii
Peptoniphilus nemausensis
Peptoniphilaceae bacterium
Phascolarctobacterium succinatutens
Uncultured bacterium
Uncultured Veillonella sp.

== Benign vs Early Stage
Benign vs Advanced Stage

= Early-Stage vs Advanced
Stage

u Rumir
Staphylococcus epidermidis

LI B e T
06 -04 02 00 02 04 06

PC1(18%)

Uncultured Eubacteriales bacterium
Uncultured Clostridiales bacterium

PC1(10.7%) Fusobacterium nucleatum

PC1(20.6%)

Figure 3. Bacterial community a- and B-diversities among patients with and without different stages of
Ovarian Cancer (OC). Both a- and p-diversity measures were compared. For a-diversity a Wald statistical

test was performed and Observed ASVs, Shannon Index and Inverse Simpson were reported. For B-diversity,
Bray-Curtis (BC), unweighted, weighted, and generalized UniFrac distance metrics were reported. The

most significant metric is shown in each ordination plot. Lower reproductive tract (cervix and vagina), (A)
a-diversity: Benign vs Early stage (p=0.019), Advanced stage (p=0.025), (B) p-diversity: Benign vs Early stage
(p=0.061), Advanced stage (p=0.059), Early vs Advanced stage (p=0.065). Uterus, (C) a-diversity: Benign vs
Early stage (p=0.461), Advanced stage (p=0.105), (D) B-diversity: Benign vs Early stage (p=0.002), Advanced
stage (p=0.006), Early vs Advanced stage (p=0.284). Fallopian tube, (E) a-diversity: Benign vs Early stage
(p=0.384), Advanced stage (p=0.196), (F) B-diversity: Benign vs Early stage (p=0.127), Advanced stage
(p=0.127), Early vs Advanced stage (p =0.078). Ovaries, (G) a-diversity: Benign vs Early stage (p=0.872),
Advanced stage (p=0.447), (H) p-diversity: Benign vs Early stage (p=0.433), Advanced stage (p=0.240),

Early vs Advanced stage (p=0.039). Ascites/Peritoneal fluid, (I) a-diversity: Benign vs Early stage (p=0.054),
Advanced stage (p=0.010), (J) B-diversity: Benign vs Early stage (p=0.166), Advanced stage (p=0.028), Early vs
Advanced stage (p=0.091). Urine, (K) a-diversity: Benign vs Early stage (p=0.310), Advanced stage (p=0.380),
(L) B-diversity: Benign vs Early stage (p=0.175), Advanced stage (p=0.086), Early vs Advanced stage (p=0.566).
Stool, (M) a-diversity: Benign vs Advanced stage (p=0.302), (N) B-diversity: Early vs Advanced stage
(p=0.042). (O) Heatmaps showing the effect size (Log, Fold Change) of the differentially abundant microbial
taxa. White boxes reflect no fold change at FDR <0.10. Analysis was adjusted for menopause status, and BML
Samples rarefied prior to analysis. Wald statistical test with Q value cutoff=0.1. *Groups are significantly
different.

benign vs. early-stage (Fig. 3D, uterus: unweighted UniFrac, p=0.002), benign vs. advanced-stage (Fig. 3D,
uterus: unweighted UniFrac, p=0.006), and early- vs. advanced-stage (Fig. 3H, ovaries: unweighted UniFrac,
Pp=0.039; Fig. 3N, stool: Bray—Curtis, p=0.042). We also observed differences trending toward significant in
the LRT (benign vs. early-stage: unweighted UniFrac, p=0.061; benign vs. advanced-stage: unweighted Uni-
Frac, p=0.059; early- vs. advanced-stage: unweighted UniFrac, p=0.065), Fallopian tube (early- vs. advanced-
stage: Bray—Curtis, p=0.078) and urine (benign vs. advanced-stage: Bray-Curtis, p=0.086). Our differential
abundance analysis results revealed general enrichment of several taxa in the LRT (Peptoniphilus koenoene-
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Lower Reproductive Tract

Observed

niae, Facklamia hominis, Ruminococcus faecis, Fenollaria massiliensis) and urine (Dialister propionicifaciens
and Anaeroglobus geminatus) of patients in both early- and advanced-stages of OC compared to the benign
cohort (Fig. 30; Supplemental Tables 1-2, and 4-5). We however observed general depletion of microbial taxa
in the LRT (Corynebacterium sp. and Dialister sp.), uterus (Corynebacterium tuberculostearicum and Roseateles
depolymerans), urine (Prevotella bergensis, Dialister propionicifaciens and Anaeroglobus geminatus) and stool
(Peptoniphilus duerdenii, Prevotella buccalis, Mobiluncus curtisii, Porphyromonas bennonis and Alistipes shahii) of
advanced-stage OC patients in comparison to early-stage OC patients (Fig. 30; Supplemental Tables 1-2 and 6).

Significant association between grade and the microbiome. While we did not observe any significant associa-
tion of grade with a-diversity, our results revealed significant association of grade with p-diversity in the uterine
and ovarian microbiomes (Fig. 4; Supplemental Fig. S6 and S7). These include significant differences between
benign vs. low-grade (Fig. 4D, uterus: generalized UniFrac, p=0.023), benign vs. high-grade (Fig. 4D, uterus:
generalized UniFrac, p=0.014), and low- vs. high-grade (Fig. 4D, uterus: generalized UniFrac, p=0.019; Fig. 4F,
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Figure 4. Bacterial community a- and p-diversity among patients with and without different grades of

OC (OCQ). Both a- and B-diversities measures were compared. For a-diversity a Wald statistical test was
performed and Observed ASV's was reported. For B-diversity, Bray—Curtis (BC), unweighted, and generalized
UniFrac distance metrics were reported. The most significant metric is shown in each ordination plot. Lower
reproductive tract (cervix and vagina), (A) a-diversity: Benign vs Low grade (p=0.221), High grade (p=0.997),
(B) B-diversity: Benign vs Low grade (p=0.195), High grade (p=0.087), Low grade vs High grade (p=0.406).
Uterus, (C) a-diversity: Benign vs Low grade (p=0.400), High grade (p=0.159), (D) B-diversity: Benign vs
Low grade (p=0.023), High grade (p=0.014), Low grade vs High grade (p=0.019). Ovaries, (E) a-diversity:
Benign vs Low grade (p=0.972), High grade (p=0.552), (F) B-diversity: Benign vs Low grade (p=0.350), High
grade (p=0.067), Low grade vs High grade (p=0.045). Ascites/Peritoneal fluid, (G) a-diversity: Benign vs High
grade (p=0.536), (H) B-diversity: Benign vs High grade (p=0.016). Urine, (I) a-diversity: Benign vs Low grade
(p=0.490), High grade (p=0.534), (J) B-diversity: Benign vs Low grade (p=0.615), High grade (p=0.056), Low
grade vs High grade (p=0.717). (K) Heatmaps showing the effect size (Log, Fold Change) of the differentially
abundant microbial taxa. White boxes reflect no fold change at FDR <0.10. Analysis was adjusted for menopause
status, and BMI. Samples rarefied prior to analysis. Wald statistical test with Q value cutoff=0.1. *Groups are
significantly different.
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ovaries: Bray-Curtis, p=0.045) OC patients. Differences which were not quite significant were also observed
between benign and high-grade OC patients in the LRT (Fig. 4B, unweighted UniFrac, p=0.087), ovaries
(Fig. 4F, Bray-Curtis, p=0.067) and urine (Fig. 4], Bray-Curtis, p=0.056). The results of the differential abun-
dance analysis revealed general enrichment of several taxa in the LRT of both low- and high-grade patients com-
pared to the benign cohort (Fig. 4K; Supplemental Tables 1-2, and 7-8). The enriched taxa include Streptococcus
infantis, Fusobacterium nucleatum, Varibaculum cambriense, Escherichia coli, Faecalibacterium prausnitzii, and
Bacteroides fragilis. Comparing LRT microbiome of low-grade OC patients to that of high-grade OC patients,
however, results in the depletion of these microbial taxa in the high-grade OC patients (Fig. 4K; Supplemental
Tables 1-2, and 9). We also observed similar trends in the urinary microbiome with general depletion of micro-
bial taxa in high-grade OC patients compared to the low-grade OC patients. A few examples of the depleted taxa
include Peptostreptococcus anaerobius, Mobiluncus curtisii, Dialister propionicifaciens, Peptoniphilus. bennonis,
and Atopobium deltae (Fig. 4K; Supplemental Tables 1-2, and 9).

Significant association between histology and the microbiome. Consistent with results obtained from stage, his-
tological features of OC are significantly associated with both a-diversity and B-diversity in multiple body sites
(Fig. 5; Supplemental Figs. S8 and S9). There was a significant overall association of histology with the a-diversity
of the LRT microbiome (Fig. 5A, Shannon, p =0.045), with a significantly lower a-diversity in the benign cohort
compared to other OC histologies (Shannon, p=0.015). The B-diversity analysis results showed significant dif-
ferences between the patients with benign lesions and serous OC (Fig. 5B, LRT: unweighted UniFrac, p=0.038;
Fig. 5D, uterus: unweighted UniFrac; p=0.002), between patients with benign conditions and other histologies
(Fig. 5L, urine: generalized UniFrac, p=0.048) as well as between serous and other histologies (Fig. 5], omen-
tum: generalized UniFrac). We also observed differences between the microbiota of ovaries from patients with
benign lesions vs serous OC that aligned with other organs but did not reach statistical significance (Bray-Cur-
tis, p=0.051). Results from the differential abundance analysis revealed general enrichment of several microbial
taxa in the LRT, Fallopian tube, omentum, and urine of OC patients with serous and other histologies compared
to the benign cohort (Fig. 5M; Supplemental Tables 1-2, and 10-11). These enriched microbial taxa include
Facklamia hominis, Anaerococcus senegalensis, Lactobacillus iners, and Actinomyces turicensis. Within the OC
patient cohort, the results of the differential abundant analysis also showed enrichment of microbial taxa includ-
ing Lactobacillus iners, Fusobacterium nucleatum, Prevotella buccalis, and Dialister propionicifaciens, in patients
with other OC histologies in comparison to the serous OC patients (Fig. 5M; Supplemental Tables 1-2, and 12).

Microbiome prognostic potential for ovarian cancer treatment. The ovarian cancer microbiome
is prognostic of treatment response. Because the microbiome samples were collected from treatment naive pa-
tients, we also investigated the role of microbiome in treatment response to better understand the prognostic
potential of the microbiome at the time of hysterectomy. We explored outcome data including tumor response,
patients’ status two years and four years post-diagnosis (Table 2). Our results showed significant association
of the tumor response with both a-diversity and p-diversity in multiple body sites (Fig. 6A-D; Supplemental
Figs. $10-S11). We found a significantly lower a-diversity (Inverse Simpson, p =0.044) in the omental micro-
biome of patients who had chemotherapy sensitive OCs in comparison to those who did not (Supplemental
Fig. S10). Our B-diversity results also showed significant differences between patients with chemotherapy sensi-
tive OCs (Fallopian tube: unweighted UniFrac, p=0.003; urine: unweighted UniFrac, p=0.015) compared to
refractory/resistant (other) OCs (Fig. 6A and D; Supplemental Fig. S11). These differences however did not
result in differentially abundant microbial taxa between the two groups (Fig. 6; Supplemental Tables 1-2, and
13). We further analyzed the potential of the microbiome to predict patients’ status two years and four years
post-diagnosis (Table 2). Our results showed significant differences in both a-diversity and p-diversity in mul-
tiple body sites (Fig. 6E-J; Supplemental Figs. S12-S15). We report a significantly higher a-diversity (uterus:
Shannon, p=0.038) in patients who were alive with no adverse events after two years compared to those who
were deceased (Supplemental Fig. S12). These differences are also seen in the B-diversity results (Fig. 6; Supple-
mental Fig. S13) with significant differences between patients who were alive but experienced adverse events and
those who were deceased two years post-diagnosis (Fig. 6G, omentum: unweighted UniFrac, p=0.010; Fig. 6I,
stool: unweighted UniFrac, p =0.050). We also observed significant differences in the p-diversity of patients who
were alive with no adverse events and those who experienced adverse events (Fig. 6], LRT: unweighted UniFrac,
p=0.017; Supplemental Figs. S14-S15) 4 years post-diagnosis. While not statistically significant, we also ob-
served differences between patients who were alive with adverse events and those who were deceased (Fig. 6],
LRT: unweighted UniFrac, p=0.058). Our differential abundance analysis identified several differentially en-
riched microbial taxa in the urine and stool of patients who were alive but experienced adverse events and those
who were deceased compared to those who were alive with no adverse events two years post-diagnosis (Fig. 6K
Supplemental Tables 1-2, and 14-16). Examples include Lactobacillus gasseri, Diasliter invisus., Blautia pseudo-
coccoides, Veillonella nakazawae, Bacteroides ovatus, Butyricicoccus faecihominis and Sutterella wadsworthensis,
(Fig. 6K; Supplemental Tables 1-2, and 14-16). The LRT microbiomes of patients who were alive with adverse
events had generally enriched taxa (Lactobacillus iners, Fenollaria massiliensis, Ezakiella coagulans, and Campy-
lobacter ureolyticus, and Actinomyces urogenitalis) in comparison to those who were alive without event four
years post-diagnosis (Fig. 6L; Supplemental Tables 1-2, and 17). We further observed general depletion of Prevo-
tella bucalis in patients who were deceased compared to those who were alive with or without adverse events
(Fig. 6L; Supplemental Tables 1-2, and 18-19).

Microbiome composition of malignant versus benign peritoneal fluid. The volume of ascites at initial surgery
of epithelial OC has been shown to be an important clinical parameter in the prognosis of the disease®. We
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Figure 5. Bacterial community a- and p-diversities among patients with and without different histology

of OC (OC). Both a- and B-diversities measures were compared. For a-diversity a Wald statistical test was
performed and Observed ASV's was reported. For B-diversity, Bray—Curtis (BC), unweighted, and generalized
UniFrac distance metrics were reported. The most significant metric is shown in each ordination plot. Lower
reproductive tract (cervix and vagina), (A) a-diversity: Benign vs serous (p=0.021), others (p=0.859), (B)
B-diversity: Benign vs serous (p=0.038), others (p=0.238), serous vs others (p=0.275). Uterus, (C) a-diversity:
Benign vs serous (p=0.767), others (p=0.459), (D) B-diversity: Benign vs serous (p=0.002), others (p=0.123),
serous vs others (p=0.400). Ovaries, (E) a-diversity: Benign vs serous (p=0.918), others (p=0.234), (F)
(B-diversity: Benign vs serous (p=0.051), others (p=0.433), serous vs others (p=0.138). Ascites/Peritoneal fluid,
(G) a-diversity: Benign vs serous (p=0.636), others (p=0.807), (H) B-diversity: Benign vs serous (p=0.019),
others (p=0.667), serous vs others (p=0.571). Omentum, (I) a-diversity: Serous vs others (p=0.377), (J)
B-diversity: serous vs others (p=0.003). Urine, (K) a-diversity: Benign vs serous (p=0.360), others (p=0.911),
(L) B-diversity: Benign vs serous (p=0.329), others (p=0.048), serous vs others (p=0.129). (M) Heatmaps
showing the effect size (Log, Fold Change) of the differentially abundant microbial taxa. White boxes reflect
no fold change at FDR <0.10. Analysis was adjusted for menopause status, and BMI. Samples rarefied prior to
analysis. Wald statistical test with Q value cutoff=0.1. *Groups are significantly different.
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therefore compared the peritoneal fluid microbiome of patients with or without OC to characterize the micro-
biome composition associated with ascites. Here we compared the properties of peritoneal fluid from patients
with OC vs. those without OC. Our taxonomic analysis results showed that in addition to both the benign
cohort and OC cohort having peritoneal fluid microbiomes dominated by Methylobacterium, Anaerococcus, and
Stenotrophomonas, the OC cohort was also dominated by Bacteroides, Finegoldia, Lactobacillus and Peptoniphi-
lus; and the benign cohort by Tumebacillus, Micrococcus and Prevotella (Fig. 1F). While this did not result in
significant differences in the a-diversity (Fig. 2I) between these two cohorts, our results showed significant dif-
ferences in B-diversity in the peritoneal fluid between patients with OC and those without (Fig. 2], Bray—-Curtis,
p=0.007). These reflected the enrichment of Methylorubrum extorquens in the OC cohort (Fig. 2, Supplemental
Tables 1-3). Following these analyses, we also characterized the peritoneal fluid microbiomes associated with
the stage, grade, and histology of OC compared to the benign conditions at the time of hysterectomy (Table 2).
We observed significant differences in both a-diversity and p-diversity in malignant ascites versus peritoneal
fluid from patients with benign conditions. These include significant differences in a-diversity between sam-
ples from patients with benign conditions vs. advanced-stage OC patients (Fig. 3I; Bray—Curtis, p=0.014) with
enriched M. extorquens in the OC patients (Supplemental Tables 1-2, and 5). Our results also showed significant
differences in B-diversity between the patients with benign conditions and high-grade OC patients (Fig. 4H;
Bray-Curtis, p=0.016). We also observed significant differences in the in p-diversity between the patients with
benign conditions vs. serous OC patients (Fig. 4; Bray-Curtis, p=0.019), with enriched M. extorquens in the OC
patients (Supplemental Tables 1-2, and 10). Finally, we also explored the prognostic potential of the peritoneal
fluid in treatment response (Fig. 6F; Supplemental Tables 1-2, and 13-14). Our results showed significant dif-
ferences in the B-diversity of patients with sensitive tumor response compared to others (Fig. 6F; unweighted
UniFrac, p=0.022), with enriched Anaerococcus tetradius in patients who did not experience sensitive tumor
response (Fig. 6M, Supplemental Tables 1-2 and 13). We also showed significant differences in the B-diversity
of the patients who were alive without adverse events and those who were deceased two years post-diagnosis
(Fig. 6F; Bray—Curtis, p=0.029). A few microbial taxa including A. tetradius, Peptoniphilus harei, Methylobacte-
rium radiotolerans, and Lactobacullus gasseri were also found enriched in patients who were alive with adverse
events compared those who were alive with no adverse events two years post-diagnosis (Fig. 6M, Supplemental
Tables 1-2, and 14).

Discussion

OC, which is the second most common gynecological malignancy and the fifth leading cause of death due to
cancer in women in the United States, is most often diagnosed at advanced stage, contributing to its very poor
prognosis. It is, therefore, critical to identify potential indicators to aid in early detection as well as prediction
of treatment response. In this study, we characterized the RT, ascites/peritoneal fluid, omental, urinary and
stool microbiome compositions of patients diagnosed with a variety of benign uterine conditions warranting a
hysterectomy (abnormal bleeding, uterine mass, and pelvic fluid collection) or an OC diagnosis (serous, clear
cell, mucinous and mixed histologies).

Changes in relative abundance of specific groups of microbial taxa have been reported to damage DNA,
resulting in genetic dysregulation and initiation of tumorigenesis®. Our results showed significant differences
in both a- and p-diversities between the benign and OC cohorts due to changes in relative abundance of specific
microbes between the two cohorts. For instance, our observation of relatively lower abundance of Lactobacil-
lus species in the LRT of the OC cohort compared to the benign cohort is consistent with the lower abundance
of Lactobacillus species reported in the cervicovaginal microbiome of OC patients compared to healthy and
benign controls?, particularly in women younger than 50 years of age?’. Other examples include relatively higher
abundance of Streptococcus, Aeroccocus, Veillonella and Megasphaera and lower abundance of Fusobacterium
in LRT of the OC cohort. Streptococcus and Veillonella were both reported to have been enriched in the lower
airways of lung cancer patients, resulting in the up-regulation of extracellular signal-regulated kinase (ERK) and
phosphoinositide 3-kinase (PI3K) signaling pathways®®. Our results also revealed a higher relative abundance of
Bacteroides in the uterus, Fallopian tubes, ovaries, and ascites of the OC cohort. Enterotoxigenic B. fragilis has
been shown to induce colon tumors in multiple intestinal neoplasms in mice?. These results are consistent with
previous reports of microbial associations with various types of cancers?*-27*°-32, These differences in the relative
abundance as well as significantly higher a-diversity resulted in statistically significant enrichment in several
pathogenic bacteria in the LRT of the OC cohort (Fig. 7). For instance, C. tuberculostearicum, which has been
isolated from patients with mastitis** and clinical samples from patients who exhibited multi-drug resistance®,
was enriched in the LRT of the OC cohort. Another known pathogen, E hominis shown to cause bacteremia was
also significantly enriched in the LRT of the OC cohort®>?¢. While most of the microbial taxa enriched in the
LRT of the OC are known pathogens, we also observed enrichment of R. faecis, that have been shown to alleviate
liver damage nonalcoholic fatty liver disease (NAFLD) mice®’. These results reveal an overwhelming presence of
known pathogens in the LRT of the OC cohort that could play important roles in early detection of OC.

To probe the diagnostic potential of the microbiome in OC, we focused on the differences in the microbiome
within the OC cohort (stage, grade, and histology) as well as compared to the benign cohort. The results show sig-
nificant differences between the benign cohort and early- and advanced-stage disease. These differences resulted
in the enrichment of several known pathogens in the LRT and urinary microbiomes of patients in various stages
of OC in comparison to the benign cohort (Fig. 7). Several of the enriched taxa, including C. tuberculostearicum,
C. singular, P. koenoeneniae and F. hominis, are shown to cause bacterial vaginosis, urinary tract infections and
bacteremia®*?>*%3, The observed general depletion of several known pathogens in the LRT, uterus, urine, and
stool of advanced-stage patients compared to early-stage underscores the vital role these differentially enriched
microbial taxa could play in the early detection and/or diagnosis of OC in early-stage OC patients (Fig. 7). They
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appear to accumulate during the early stages of the disease and become depleted as the cancer advances. These
results provide evidence for the importance of investing in longitudinal sampling to further understand when
this change occurs and if we can detect the difference earlier for clinical purposes. With more than two-thirds
of OC patients diagnosed at advanced-stage, early diagnosis could result in 5-year relative survival rate of about
93%%. Like stage, there was general enrichment in several known pathogens in the LRT of patients with vari-
ous grades and histology of OC in comparison to the benign cohort. One of such taxa is a known pathogen,
M. curtisii, which has been shown to be associated with recurrence of bacterial vaginosis due to resistance to
metronidazole, was also significantly enriched in the LRT of the low-grade OC cohort*. We also show significant
enrichment of Eubacterium rectale, which has been reported to function as a “driver” bacterium in the initiation
of colorectal cancer*, in the LRT of the low-grade OC cohort. Some of the other enriched taxa have also been
associated with cancers including oral, bladder and colorectal (E nucleatum), endometrial (Porphyromonas and
Peptoniphilus) and breast (Aerococcus) cancers'”'8%4243 While most of the microbial taxa enriched in the LRT
of the OC were known pathogens, we also observed enrichment in others such as Faecalibacterium prausnitzii,
Dorea longicatena and Blautia spp. that have been shown to have probiotic properties*~. Consistent with the
results from stage, the general depletion of these known pathogens in the high-grade OC patients compared to
the low-grade OC patients further emphasizes their importance in early detection as well as diagnosis of OC. In
general, these results show the accumulation of mostly detrimental microbes especially in early-stage, low-grade
OC patients which appear to decrease in advance-stage, high-grade OC patients. These results need to be further
investigated in a larger longitudinal study to better understand the composition of these detrimental microbes,
timing of their accumulation and when the decrease begins for earlier and better detection and diagnosis of OC.

Several studies have reported results suggesting the role of microbes in the efficacy of cancer therapies*’ .
For instance, the chemotherapeutic drug gemcitabine has been shown to be metabolized by bacteria, including
Mpycoplasma hyorhinis, into its inactive form in murine colon cancer models”’. Yamamura et al.*® also reported
an association between high burdens of F. nucleatum in clinical esophageal squamous cell carcinomas and poor
recurrence-free survival. Similarly, M. curtisii has been shown to be associated with recurrence of bacterial
vaginosis due to resistance to metronidazole*’. We leveraged follow-up data from the OC cohort on response
to treatment to examine the relationship between the OC-associated microbiome and response to treatment
at two years and four years post-diagnosis. Our findings revealed the enrichment of several known pathogens,
including Bacteroides ovatus, V. parvula, and A. christensenii®®=?, in the LRT and stool of patients with adverse
outcomes. For instance, spinal infection with V. parvula, which has been shown to be resistant to tetracycline,
vancomycin, aminoglycosides, and ciprofloxacin, was reported in a man with sinus malignancy®. We also showed
the enrichment of several Dialister species including D. invisus, D. micraerophilus and D. propionicifaciens in
patients with adverse outcomes. Morio et al.>® reported decreased susceptibilities of several Dialister isolates from
clinical samples to piperacillin, metronidazole, macrolides, fluoroquinolones, and rifampin suggestive of possible
multi-drug resistance in these patients. The results emphasize the potential role of these microbes in patients’
response to treatment and as well as predicting how patients will respond to OC treatment.

Putting all the results together, there is a clear pattern of general enrichment of known pathogenic microbial
taxa in the OC patients in comparison to the patients undergoing hysterectomy for benign indications. This gen-
eral enrichment of pathogenic taxa is further seen in early- and advanced-stage, low- and high-grade as well as
serous OC and other OC histologies compared to patients with benign conditions. However, we also see general
depletion of these pathogenic microbial taxa in patients with advanced-stage and high-grade OC compared to
patients with early-stage and low-grade OC. These results suggest that the accumulation of the pathogenic taxa
is highest in low grade, early stage of the disease which presents an opportunity for early detection. A focus on
the treatment outcomes for OC patients also shows the enrichment of pathogenic microbial taxa in the patients
with adverse outcomes compared those who alive with no events. Like stage and grade, these taxa are depleted
in samples from patients who succumbed to OC compared those who are alive but experienced adverse events.
These results further suggest that the accumulation of these pathogenic taxa could potentially lead to adverse
treatment outcomes and present an opportunity for better treatment options that account for these pathogenic
taxa.

We acknowledge the limitations of the number of patients enrolled in this study present. These results there-
fore need to be further explored and confirmed in a larger study.

Conclusions

Our study revealed a distinct microbiome signature in patients with OC compared to patients with benign
gynecological conditions. We identified several differentially abundant microbial taxa between the benign cohort
versus early- and advanced-stage OC patients that could play vital roles in early detection of and screening for
OC. Finally, with differentially abundant microbial taxa, we also showed that the microbiome of patients before
treatment could potentially predict their response to treatment. These results need to be further investigated
and confirmed in a larger study.

Methods

Ethics statement. Protocols #12-004445 (approved 8/13/2012) and #15-007679 (approved 1/22/2016) for
patient enrollment with written informed consent were approved by the Mayo Clinic Institutional Review Board
(IRB). Patients were recruited from 01/05/2013 to 5/7/2018 using methods and procedures that were in accord-
ance with the Mayo Clinic IRB guidelines and regulations.

Patient enrollment. A total of 64 women who were 18 years of age or older and undergoing hysterectomy
for OC (N=34) or a benign gynecologic condition (N =30) requiring hysterectomy by standard surgical pro-
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cedures at the Division of Gynecologic Surgery at Mayo Clinic in Rochester, MN, were included in this study
(Table 1). The indication for hysterectomy was an inclusion criterion and most of the patients also received
salpingo-oophorectomy. We excluded women if they were pregnant or nursing, had antibiotic treatment in the
two weeks preceding surgery, or if morcellation was used during the hysterectomy for any reason (e.g., size of
the uterus). Patients provided stool samples the day preceding or the day of the surgery while urine specimens
were collected through a catheter in the operating room (OR). The vaginal and cervical samples were collected
by the surgeon in the OR immediately preceding the betadine vaginal scrub. Ascites/peritoneal fluid was col-
lected shortly after incision by the surgical team. The remaining samples (uterine, Fallopian tubes, ovarian and
omental) were collected in the Pathology Laboratory within minutes of surgical extraction, by a Pathologist
Assistant using aseptic technique.

Treatment response data collection. Given that samples for this study were collected from treatment
naive patients, we also investigated the role of the microbiome on treatment response. We obtained various treat-
ment outcome data on all patients including tumor response to treatment and patient status, at approximately
two years and four years post-diagnosis (Table 2). For samples with primary debulking/completion staging fol-
lowed by platinum/taxane treatment, the following definitions for tumor response were used: (1) Refractory:
recurrence while receiving the chemotherapy or within four weeks of the last dose of therapy or Persistent
Disease = “yes”, (2) Resistant: recurrence from 4 weeks to 6 months after the last dose of chemotherapy, and
(3) Sensitive: no recurrence or recurrence more than 6 months after last dose of chemotherapy. Regarding sta-
tus post-diagnosis, patients were either alive (with or without any adverse event such as cancer recurrence) or
deceased after suffering adverse event(s).

Sample collection.  Operating room collection. Vaginal, cervical, urine, and ascites/peritoneal lavage sam-
ples were collected as described previously'®. Briefly, vaginal, and cervical swabs were collected using two sterile
Dacron swabs by the surgeon (with guidance on site by the research team) immediately after anesthesia adminis-
tration but before the standard pre-operative betadine scrub and placed in sterile Tris—-EDTA and transported on
dry ice to storage at — 80 °C. Urine was obtained during the surgery through a catheter. Ascites was obtained dur-
ing surgical aspiration following incision immediately following ascites sample collection for diagnostic cytology
procedures. If no ascites was present, sterile saline was flushed into the abdominal cavity as standard surgical
procedure. That clinical waste aspirate was collected for research use and microbiome analysis.

Pathology laboratory collection. Uterine, Fallopian tube, ovarian, and omentum samples were collected as
described previouslyls. Briefly, the uterus, Fallopian tube, ovaries, and omentum were transported (under 2 min)
in a sterile bag at room temperature to the pathology lab for processing under sterile conditions. The organs
were processed at the grossing station by the research team after sterilization. Following the bilateral cut and
splaying of the uterus (by the pathologist’s assistant (PA)), whole uterine swabs (Dacron) and scrapes (sterilized
pap smear spatulas) were collected. Samples necessary for diagnosis were then collected by the PA and research
dedicated biopsies were collected immediately after diagnostic procedures were complete.

Stool samples. Patients were requested to provide a stool sample collected within a 24 h period of their
scheduled surgery. When received, samples were stored at — 80 °C until processing.

Sample processing and genomic DNA extraction. Samples were processed and genomic DNA
sequenced as described previously'®. Briefly, we thawed and vortexed the swab and scrape samples to mix any
settled material and then centrifuged to pellet bacterial cells while a sterile pestle was used to macerate the
biopsy samples. This was followed by genomic DNA extraction from approximately 100 mg of tissue using the
MoBio PowerSoil DNA Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) according to the manufac-
turer’s protocol. The MP FastPrep (MP Biomedicals, Solon, OH, USA) was used for 60 s at 6.0 m/s to obtain a
more effective and rapid lysis of the cells. We measured the DNA concentration using High Sensitivity Qubit
(Life Technologies Corporation, Carlsbad, CA, USA). In addition to the samples, controls (Blank, PCR negative
control, PCR positive control Geobacillus and TE Geobacillus) of the DNA extraction were performed and are
shown in Supplemental Fig. 1.

Sequencing. Samples were sequenced as described previously'. Briefly, we amplified the V3-V5 region of
the 16S rRNA gene via a two-step polymerase chain reaction (PCR) protocol using the following universal
forward (V3_357F: 55GTCCTACGGGAGGCAGCAG3') and reverse (V5_926R: 5CCGTCAATTCMTTTRAG
T3') primers™ followed by the addition of Illumina flow cell adaptors containing indices®. Following the pri-
mary PCR, the products were diluted (1:100) in PCR grade water for secondary PCR reactions using V3_357F
and V5_926R primers modified with Nextera adaptors developed in collaboration with the University of Min-
nesota Genomic Center in Minneapolis, MN.

V3_341F_Nextera: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGAGGCAGCAG.

V5_926R_Nextera: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCGTCAATTCMTTTRAGT.

A detailed procedure for both primary and secondary PCR is given in Walsh et al.”®. This was followed by
dilution, normalization, and pooling of the PCR products, which were then concentrated and cleaned up using
1.8X AMPureAP beads (Beckman Coulter, Brea, CA). After quantification using a Quant-It dsDNA HS assay
kit (Thermo Fisher Scientific Inc., Waltham, MA), the sequence pool was assessed for purity and the presence of
725 bp peak (+20%) using a 2200 TapeStation system and D1000 Screen tape/reagents (Agilent Technologies,
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Santa Clara, CA). The pooled 16S amplicons were sequenced using the MiSeq 600 cycle v3 kit (Illumina, San
Diego, CA) and MCS v2.6.1 after quantification using KAPA SYBR FAST qPCR kit (KAPA Biosystems, Woburn,
MA), dilution and denaturing.

Sequence analysis. The sequenced reads were processed using the quantitative insights into microbial
ecology (QIIME2) as follows: Using sample-specific barcodes assigned during sequencing, we demultiplexed
all reads in QIIME2-2020.11%. This was followed by quality control, denoising, chimera removal and amplicon
sequence variants (ASVs) generation for each sequence run using the Divisive Amplicon Denoising Algorithm
(DADA2)* within QIIME2. Taxonomy was then assigned at 99% similarity based on the SILVA taxonomy and
reference database (SILVA_132_QIIME _release)*® and a rooted phylogenetic tree built using the “align-to-tree-
mafft-fasttree” pipeline from QIIME2. To rigorously exclude potential contaminants, we imported the QIIME2
output files into R (R software, version 4.0.3, https://www.r-project.org) and filtered out taxa more abundant in
the negative controls than samples using the R package decontam version 1.10.0. We followed this with further
removal of any taxon that appeared in more than one negative control.

Sequencing outcome. We obtained a total of 11,603,589 sequence reads across 751 samples (mean of
15,369 + 54,686 reads) after quality control and further processing for visualization was performed using
QIIME2 and R.

a-Diversity and B-diversity analysis. We imported results of the QIIME2 analysis into R (R software,
version 4.0.3, https://www.r-project.org) for further analysis using the standard ecological measures of microbial
diversity for the number of unique taxa per sample (a-diversity) and similarity in composition between samples
(B-diversity). We calculated several metrics for both a- (within-sample) diversity (observed ASV, Shannon and
inverse Simpson indices) and p- (between-sample) diversity (Bray-Curtis, weighted, unweighted, and general-
ized UniFrac) after rarefaction and reported the metric with significant p-values. The various metrics measure
microbial community diversity in different ways. For instance, while observed ASV qualitatively measures the
microbial community richness, both Shannon and inverse Simpson indices consider both the number of taxa
present as well as the abundance of each taxon in the community. In case of B-diversity, Bray-Curtis quan-
titatively measures of community dissimilarity without incorporating phylogenetic relationships between the
taxa as is done in the various UniFrac metrics®. While the unweighted UniFrac only considers taxa present
thereby giving weight to rare taxa, weighted UniFrac assigns weight to the dominant taxa and generalized Uni-
Frac equally favors taxa of varying abundance®®. To assess the association with a-diversity, we fitted a linear
regression model (“Im” function in R “stats” package v4.1.2) and determined statistical significance using the
t-statistic. Using the permutational multivariate analysis of variance (PERMANOVA), a distance-based analysis
of variance method based on permutation (999 permutations, “adonis” function in the R “vegan” package 2.5-7),
we tested the association between the various factors of interest (e.g., group, stage, grade, and histology of OC)
and B-diversity measures after rarefying the data. We also adjusted for significantly different covariates (Table 1:
batch, age, BMI, and menopausal status) and then generated ordination plots using classic multi-dimensional
scaling (MDS) as implemented in R (“cmdscale” function in the R “stats” package v4.1.2). A permutation test
which takes the minimum p-values of individual B-diversity measures as the test statistic (omnibus test), was
used to combine multiple sources of association evidence provided by different -diversity measures and an
overall association p-value was reported (“PermanovaG” function in the R “GUniFrac” package v1.4).

Differential abundance analysis. We completed differential analysis at the species level, filtering rare
taxa prevalent at less than 10% of samples or taxa with a maximum proportion (relative abundance) less than
0.2% to reduce the number of necessary tests. We utilized the R package LinDA (linear models for differential
abundance analysis), a linear regression framework for differential abundance analysis that fits linear regression
models on centered log-ratio transformed data, identifies a bias term due to the transformation and composi-
tional effect, and corrects the bias using the mode of the regression coefficient®'. The p-values were computed
based on the bias-corrected regression coefficients and the Benjamini-Hochberg procedure used to control the
false discovery rate (FDR). We assessed statistical significance with FDR-adjusted p-values less than 0.10 con-
sidered.

Covariate adjustment. We adjusted for covariates (batch, age, BMI, menopausal status, history of hyper-
tension, stage, grade, histology and debulking status) that were differentially present between comparison groups
and that showed a significant microbiome impact after a PERMANOVA analysis.

Data availability

The raw sequence dataset supporting the results of this article has been publicly deposited and are available at
the NCBI Sequence Read Archive (SRA), with BioProject ID PRJNA836143 (http://www.ncbi.nlm.nih.gov/
bioproject/836143).
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