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Introduction: There is accumulating information of the effects of chemotherapy and weight changes on the gut microbiome of breast
cancer patients.

Methods: In this 1-year follow-up study, we investigated gut microbiome of 33 breast cancer patients who donated fecal samples at
baseline and after completion of treatment. We compared alpha diversity and mean taxa abundance at baseline and absolute taxa
abundance changes (final-baseline) by treatment (16 neoadjuvant [neoADJ], 13 adjuvant [ADJ], 4 no chemotherapy [noC]) and
specific chemotherapy agent using Wilcoxon rank sum and negative binomial mixed model (NBMM) analysis.

Results: All four gut alpha diversity measures changed in association with chemotherapy treatment; they increased in the neoADJ
(+16.4% OTU p = 0.03; +51.6% Chaol p = 0.03; +7.0% Shannon index p = 0.02; +11.0% PD whole tree p = 0.09) but not in the ADJ
and noC group (ADJ+noC). The difference in Chaol index change between groups was statistically significant (PpeoaDs vs. ADI+n0C
=0.04). Wilcoxon p values of 0.03—0.003 were observed for five taxa. In NBMM analysis, changes in taxa abundance differed
(Bonferroni-adjusted p < 0.0007) for two Bacteroidetes taxa (g _Alistipes, £ S24-7) and two Firmicutes taxa (g_Catenibacterium,
g Eubacterium). NBMM analysis results remained unchanged with adjustment for weight changes. Alpha diversity changes were also
found by receipt of chemotherapy agents. Consistent increases in alpha diversity were observed among those treated with TCHP (OTU
p =0.009; Chaol p = 0.02; Shannon p = 0.02; PD whole tree p = 0.05) but not AC, Taxol or Herceptin. Those treated with TCHP or
Herceptin showed increases in Verrucomicrobia (g_Akkermansia) but decreases of Bacteroidetes(g_Alistipes); the differences in
changes in taxa abundance were statistically significant.

Conclusion: Results from this pilot longitudinal study support an effect of chemotherapy, particularly neoADJ on the gut microbiome
of breast cancer patients even after adjustment for weight changes. Further investigations are needed to confirm these findings in larger
studies and with longer follow-up and to assess the impact of these microbiome changes on patient outcome.
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Background

Advances in sequencing technologies coupled with new bioinformatics developments have produced enormous new
information on the role of the gut microbiota in human health, suggesting intriguing links between the microbiota and risk
of obesity, metabolic diseases and inflammatory responses' > There is accumulating literature that has examined the role of
the gut microbiome and risk of breast cancer risk development. Since the initial report in a Kaiser-based case-control study of
significantly lower gut microbiome alpha diversity in postmenopausal breast cancer patients (n = 48) compared to
postmenopausal control (n = 48),* lower alpha diversity in breast cancer cases than control women was confirmed in
three other studies,”’ but no difference was reported in two studies® while higher alpha diversity in postmenopausal breast

cancer cases than in postmenopausal control women was reported in one study.'® These seemingly mixed results may be due
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to small numbers in most studies and other study characteristics (e.g., use of antibiotics), but results from the larger studies
were generally consistent.®” Specifically, in the Ghana study, the largest study to date with 379 breast cancer patients (43.8%
premenopausal) and 414 control women (57.2% premenopausal), the odds of breast cancer risk were significantly lower by
43% to 56% for women in the upper two tertiles of Shannon index compared to those in the lowest tertile after adjustment for
relevant potential confounders. The inverse association between breast cancer risk and alpha diversity was observed
irrespective of age, menopausal status, body mass index (BMI), tumor grade, estrogen receptor (ER) status, and molecular
subtype.® In addition, Ghana women with nonmalignant breast diseases (n = 102) showed significantly lower alpha diversity
measures compared to control women but did not differ from women with breast cancer. Although 12 taxa were statistically
significantly associated with breast cancer risk in the Ghana study, it remains to be determined which specific commensals
might be associated with breast cancer risk.®

Because microbiome bacteria can interfere or enhance chemotherapy and radiotherapy treatment of cancer patients,'' '
several studies of breast cancer patients explored whether gut microbiome alpha diversity and composition might differ
before and after chemotherapy treatment and between responders and nonresponders. In a study of postmenopausal Dutch
women with ER+ breast cancer who were treated with 4 cycles of adjuvant (ADJ; n =26) or neoadjuvant (neoADJ; n = 18)
chemotherapy (AC followed by 4 cycles of docetaxel), alpha diversity measures (observed richness and Shannon index)
were lower (p values were 0.08 and 0.10) after completion of chemotherapy than before chemotherapy. Levels of several
taxa (e.g., Ruminococcaceae, Christensellaceae, unclassified Enterobacterales) decreased after completion of chemother-
apy while levels of Lactobacillus increased.®'> However, among breast cancer patients from the CANTO (CANcer
Toxicities) cohort with paired samples before and after chemotherapy (35 ADIJ, 10 neoADJ), alpha diversity measures
increased after chemotherapy compared to before chemotherapy (p = 0.033). There was a shift of the microbiome
composition towards increases in Methanobacteria species and reductions in the abundance of species such as
Veillonella that have been associated with worse prognosis.'® In a study of HER2 positive breast cancer patients who
were treated with Trastuzumab neoADJ, gut alpha diversity measures assessed before the beginning of treatment showed
significantly higher alpha diversity in responders (n = 16) than in nonresponders (n = 7). Responders also showed
a microbiota that was enriched in bacteria from the Clostridiales (i.e., Lachnospiraceae), Bifidobacteriaceae,
Turicibacteriaceae, and Prevotellaceae taxa whereas Bacteroides commensals were more abundant in nonresponders.'’
These results suggest that chemotherapy may impact breast and gut microbiome changes but the direction of these changes
and the specific microbes that might interfere or enhance cancer treatment are yet to be established.

A large proportion of women with breast cancer receive ADJ or neoADJ chemotherapy as part of standard care.'®
Weight gain in association with ADJ and neoADJ is well-documented and high BMI is associated with worse
outcome.'” ! We conducted a 1 year follow-up study of 38 breast cancer patients with the objective of adding to the
above literature and investigating whether the gut microbiome of breast cancer patients was altered in association with
type of chemotherapy treatment (ADJ vs. neoADJ), specific chemotherapy agents, and weight changes. Baseline
characteristics of these participants have been reported previously.”” Based on published reports suggesting that higher

alpha diversity may be associated with better health habits including diet and body composition,*> >

we hypothesize that
alpha diversity will increase among those who did not gain weight after chemotherapy. We also hypothesize that changes
in alpha diversity and taxa abundance may differ by chemotherapy treatment on the basis that different chemotherapy

agents have been found to influence taxa abundance'**?’

although additional studies are needed to identify which
specific taxa or the direction of changes. In this paper, we investigated whether changes in alpha diversity and taxa

abundance differed by weight changes and whether these changes were affected by chemotherapy regimen.

Materials and Methods

Data and Specimen Collection

This 1 year longitudinal study was conducted at the University of Southern California (USC) Norris Comprehensive
Cancer Center (NCCC) and at the Los Angeles County + USC Medical Center. Women of all race and ethnicities, newly
diagnosed with incident invasive breast cancer were considered potentially eligible. Exclusionary criteria included
recurrent breast cancer, a history of other cancers (other than non-melanoma skin cancer), celiac or inflammatory
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bowel disease, bariatric surgery, recent pregnancy or nursing (within past 12 months), past treatment with chemotherapy,
recent antibiotic use (defined as one week or more during the month prior to baseline fecal sample collection), or use of
probiotic supplements or prednisone.

After signing informed consent, eligible and willing patients donated up to four fecal specimens and completed up to
four clinical visits during an average of 1 year of follow-up. When possible, we scheduled the final fecal sample
collection after completion of chemotherapy (and radiation therapy, if applicable) to coincide with the participant’s
routine follow-up appointment. Figure 1 shows the timing of baseline and final fecal sample collections with respect to
diagnosis and treatment. For the neoADJ group, baseline fecal samples were collected 2.5 + 3.9 days before chemother-
apy started and the final samples were collected 178.4 £ 85.0 days after chemotherapy ended. For the ADJ group,
baseline fecal samples were collected 3.5 +3.1 days before chemotherapy started and the final samples were collected
138.5 + 55.4 days after completion of chemotherapy. For the no chemotherapy (noC) group, baseline samples were
collected 52.5 + 15.7 days after surgery and the final samples were collected 127.3 + 46.9 days after completion of
radiation. The interval between date of diagnosis and the final fecal sample collection was 370.4 + 64.0 days for the
neoADIJ group, 362.1 + 90.4 days for the ADJ group, and 289.8 + 21.3 days for the noC group. As described previously,
participants used pre-labeled collection devices and tubes containing the nucleic acid preservative RNAlater which we
provided.?? They collected and stored fecal samples in their home freezers until they were brought to USC at their clinic
visit or the samples were picked up by the study staff. These fecal samples were stored in the —80°C freezers at USC until
they were sent for microbiome analysis at the completion of the study (see below). Participants had two dual-energy
X-ray absorptiometry (DXA) scans at USC facilities; a baseline scan at the first clinic visit and a second scan on the
same day or around the time of the last clinic visit. Participants also completed a baseline questionnaire which assessed
menstrual and reproductive history, medical history (e.g., diabetes, hypertension), family history of cancer, use of
medications and vitamin supplements, and usual diet based on the Block2005 food frequency questionnaire (English
and Spanish). Information on lifestyle and medical history was updated at each of the clinic visits.

Fecal Specimen Processing and Microbiome Analyses

Microbiome analyses were conducted in the laboratory of Dr. Jacques Ravel using validated and published procedures.**

An average of 150 mg of stool was extracted from each fecal sample, between 5 and 10 pg of high quality whole genomic
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Figure | Timing of baseline (B) and final (F) fecal sample collection in relation to date of diagnosis and standard treatment.
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DNA was extracted and used to amplify 16S rRNA genes. The 16S rRNA gene amplification used the two barcoded
universal primers 319F and 806R for PCR amplification of the V3 and V4 hypervariable regions and sequenced the
amplicons on the Illumina MiSeq platform. The 16S rRNA genes were amplified in 96-well microtiter plates. Negative
controls without a template were processed for each primer pair. Sequence read quality was performed using
a bioinformatics pipeline that is in accordance with standard operating procedures of the NIH Human Microbiome
Project.’*>' The taxonomic assignments of sequences were performed using the Ribosomal Database Project Bayesian
classifier, and as implemented in QIIME, using the GreenGene taxonomic database as reference.>*>* Taxa abundance and
read counts tables were generated for each of the 144 fecal samples collected from 38 breast cancer patients. Fourteen
samples failed (i.e., < 100 read counts); 4 were from one patient who was excluded from all analyses. Of the other failed
samples from 37 patients, two were baseline and two were last samples from four different patients (the two subjects with
low baseline read counts did not contribute to analysis on alpha diversity but contributed baseline analysis on taxa
abundance®® This current analysis on baseline and last fecal samples was based on 33 breast cancer patients (Table 1).
The study protocol was approved by the USC Institutional Review Board.

Statistical Analyses

The patient population is described and differences in characteristics between neoADJ and ADJ patients were evaluated using
Wilcoxon rank sum tests, t-tests, or chi-square or Fisher exact tests, as appropriate, while differences in characteristics between
neoADJ, ADJ, and noC groups were evaluated using Kruskal Wallis, chi-square or Fisher exact tests.

Microbiome alpha diversity was estimated after rarefaction. We used Wilcoxon signed rank tests to determine the
significance of change in four alpha diversity measures (number of observed species, Chaol, Shannon, and PD whole
tree) and BMI for subgroups of patients defined by treatment and change in BMI. We then used Wilcoxon rank sum tests
to examine if baseline alpha diversity or BMI or changes in alpha diversity or BMI during the 9 months of follow-up
varied by chemotherapy treatment (16 neoADJ vs. 17 non-neoADJ (13 ADJ + 4 noC); 16 neoADJ vs. 13 ADJ) and by
BMI change (16 lost weight vs. 17 gained weight). We repeated alpha diversity and BMI change analyses using mixed
effects regression methods (proc mixed), adjusting chemotherapy models for weight changes, and adjusting BMI gain/
loss models for chemotherapy. Changes in alpha diversity by chemotherapy agents were also investigated: 15 yes AC
(Adriamycin (Doxorubicin) + Cyclophosphamide) vs. 18 no AC; 14 yes Taxol vs. 19 no Taxol; 8 yes TCHP (Docetaxel +
Carboplatint Pertuzumab+ Trastuzumab) vs. 25 no TCHP; and 11 yes Herceptin vs. 22 no Herceptin. Data were
analyszed using SAS 9.4 (SAS, Cary, NC).

We conducted permutational multivariate analysis of variance (PERMANOVA) to test statistical significance of
overall composition between baseline vs. final samples (n = 33) by treatment, chemotherapy agent, and BMI change.*®
The relationship of overall gut microbiome composition by treatment and BMI change was assessed by principal
coordinate analysis (PCoA) based on the unweighted and weighted phylogenetic UniFrac distance matrix.>’ PCoA
plots were generated using the first two principal components by treatment and BMI change. The data were analyzed
using R (R Foundation for Statistical Computing, Vienna, Austria).

Turning to taxonomy, we conducted analyses to examine relationships of specific taxa to treatment, chemotherapy
agent, and BMI change during the follow-up. We calculated change in the relative abundance of 74 specific taxa that had
levels above zero, by subtracting relative abundance of baseline values from final (end of study) values. Statistical tests
by Wilcoxon rank sum were used to compare results for neoADJ vs. non-neoADJ (ADJ + noC) and for neoADJ vs. ADJ
groups (SAS 9.4, SAS, Cary, NC). In addition, to accommodate the sparse, non-normally distributed count data, we
repeated analyses using negative binomial mixed models (NBMM) analysis for longitudinal microbiome data® with
adjustment for age (continuous), race (Hispanic or not Hispanic), total number of reads, without adjustment (Model 1)
and with adjustment for BMI change (Model 2). To correct for multiple comparisons,*® Bonferroni-adjusted significance
levels were set for 74 genera (0.05/74, p < 0.0007). Because of the modest sample sizes of this pilot study, we also
considered the differences in change in genera to be suggestive if 0.0007 < p < 0.007.

Sensitivity Analyses: While the duration between baseline and final fecal sample collection was a median of 246
days, this duration differed by chemotherapy treatment (Figure 1). Therefore, we also conducted NBMM analyses
adjusted for duration (< 246 vs. > 246 days) of sample collection days (Model 3). Although none of the subjects were
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Table | Characteristics of 33 Breast Cancer Patients by Treatment with Baseline and End of Study Fecal Samples

All Chemotherapy Treatment neoAD) vs. | neoAD] vs.
. | AD) AD) vs.
Neoadjuvant Adjuvant No a b
Pvalue noC P-value
(neoAD)) (AD)) (noC)
N 33 16 13 4
Mean age * standard deviation (SD) 51.7£12.4 50.8+£12.4 49.5+10.2 62.8+15.8 | 0.16 0.81
Menopausal status
Premenopause 17 8 8 |
Postmenopause 16 8 5 3 0.44 0.53
Race/ethnicity
Hispanic 24 13 9 2
Non-Hispanic 9 3 4 2 0.43 0.45
Stage at diagnosis
1 18 6 8 4
1] 15 10 5 0 0.07 0.20
ER/PR status
ER+PR+ 21 8 9 4
ER+PR- 4 2 2 0
ER-PR- 8 6 2 0 0.34 0.41
HER?2 status
Positive 9 6 3 0
Negative 24 10 10 4 0.29 0.40
ER/PR and HER?2 status combined
ER+PR+ HER2 + 4 3 | 0
ER+PR+ HER2 - 17 5 8 4
ER+PR- HER2 + 4 2 2 0
ER+PR- HER?2 - 0 0 0 0
ER-PR- HER2 + | | 0 0
ER-PR- HER2 - 7 5 2 0 0.42 0.45
Days of treatment (SD)?
AC 485 (14.2) 56.0 (10.5) 372 (11.4) 0 0.006 0.001
Taxol or taxotere 729 (11.9) 77.8 (2.5) 66.5 (16.4) 0 0.08 0.08
Herceptin 271.7 (143.4) 240.6 (159.1) 3547 (2.9) 0 0.26 0.26
TCHP 108.8 (36.8) 110.0 (43.5) 105.0 (0.0) 0 0.88 0.88
Total days of chemotherapy 105.1 (36.5) 118.5 (40.7) 88.5 (22.5) 0 0.03 0.03
Total days of radiation® 30.1 (20.4) 36.4 (20.0) 21.9 (21.7) 31.387) | 0.17 0.04
Days (SD) between baseline to last 269 (83) 319 (64) 240 (74) 167 (34) 0.008 0.0003
fecal sample
Mean (SD) Baseline BMI ¢ 31.34 (7.97) 31.05 (5.56) 30.21 (8.30) 36.11 0.69 0.44
(14.52)
Change (SD) in BMI ¢ —0.22 (2.40) —0.71 (3.03) 0.29 (1.70) 0.07 0.73 0.53
(1.22)
Mean (SD) Baseline Weight kg ¢ 74.26 (16.57) 73.35 (12.37) 68.22 (8.44) 97.53 0.14 0.005
(31.52)
Change (SD) in Kg ¢ —0.39 (5.66) —1.50 (7.00) 1.00 (3.60) 0.33 0.74 0.50
(3.43)

Notes: *Wilcoxon rank sum test or T test or chi square test or Fisher exact test comparing neoAD] vs. AD). ®Krushal Wallis test, chi-square test or Fisher exact test
between the 3 chemotherapy groups (neoAD], AD), none). “AC (Adriamycin (Doxorubicin) + Cyclophosphamide) given to 9 neoAD) and 6 ADJ; Taxol given to 8 neocAD)
and 6 AD), Herceptin given to 8 neoAD) and 3 AD), TCHP (docetaxel + Carboplatin+ Pertuzumab+ Trastuzumab) given to 6 neoAD] and 2 ADJ; radiation given to |15
neoAD), 7 AD), 3 noC. “BMI and weight kg based on DXA.

antibiotic users prior to baseline fecal sample collection, there was some antibiotics use during the follow-up period but
most were short (14 used it for 1 day, 5 used it for 4-7 days) and almost all were taken long before the last sample
collection (107-221 days before last sample collection for 10 subjects, 56-95 days for 6 subjects, and 14-38 days for 3
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subjects). A coded variable on antibiotic use (no use, last used > 200 days, 100-199 days, 50-99 days, 1-49 days before
final fecal collection) was derived and adjusted for (Model 4). R (R Foundation for Statistical Computing, Vienna,
Austria) was used.

Wilcoxon rank sum tests were conducted to assess differences in alpha diversity measures and in relative abundance
levels of select taxa by the receipt (yes/no) of four specific chemotherapy agents (AC, taxol, TCHP, Herceptin).

We compared baseline mean taxa abundance and absolute changes (final-baseline) in taxa abundance between the
weight loss (n = 16) and weight gain (n = 17) groups using Wilcoxon and NBMM. We also compared baseline mean taxa
abundance and absolute changes (final-baseline) in taxa abundance between short duration vs. long duration (< 246 vs. >
246 days) between baseline and final fecal sample collection.

Lastly, assessment of cancer status and vital status through June 2022 was used to determine if outcome differed by
treatment (neoADJ, ADJ, noC) or by alpha diversity measures at either the baseline or the final fecal sample collection
using proportional hazards regression models. Two different outcomes were used: (1) alive vs. dead; and (2) alive and
cancer-free vs. dead or recurrence/new cancer. These data were analyzed using SAS 9.4 (SAS, Cary, NC).

Results

Characteristics of Breast Cancer Patients

The 33 breast cancer patients with baseline and final (end of study) fecal samples were ages 51.7 £ 12.4 years, obese
(mean baseline BMI of 31.4 + 8.0 kg/m?), mostly Hispanics (73%), about half (52%) were premenopausal and had early
(stage I/IT) breast cancers that were mostly hormone receptor (HR) positive (ER+PR+) (63.6%) and HER2 negative
(72.7%) (17 ER+PR+HER?2 negative; 7 Triple negative) (Table 1). About half (n = 16, 48.5%) received neoADJ, 13
(39.4%) received ADJ, and 4 (12.1%) had noC. The three treatment groups were similar in distribution by HR status but
all four patients requiring noC had early (I/II) stage cancer compared with 61.5% (8 of 13) in the ADJ and 37.5% (6 of
16) in the neoADJ group (poqr = 0.07). Although baseline BMI did not differ by treatment and there were no overall
significant changes in weight during follow-up, 17 women gained an average of 3.7+ 0.5 kg while 16 women lost an
average of 4.7+ 1.2 kg. Weight change was not uniform by treatment; the mean weight gain was 1.0 + 3.6 kg in the ADJ
and 0.33 £ 3.4 kg in the noC groups while there was a mean weight loss of 1.5 + 7.0 kg in the neoADJ group.

Alpha Diversity Changes by Chemotherapy and Weight Changes

Baseline alpha diversity measures (operational taxonomic units [OTU], Chaol, Shannon index, phylogenetic diversity
[PD]_whole tree) did not differ by treatment (Table 2). However, alpha diversity measures changed nonuniformly by
treatment during follow-up (Figure 2). Women in the neoADJ group showed increases in all four measures: +16.4% in
OTU p =0.03; +51.6% in Chaol p = 0.03; +7.0% in Shannon index p = 0.02; +11.0% in PD whole tree p = 0.09. Alpha
diversity measures increased minimally (1.6% to 2.4%) in the ADJ group and and decreased 4.4% to 11.3% in the noC
groups; none of these changes were statistically significant. A suggestive difference in change in Chao 1 index between
neoADJ and non-neoADJ (ADJ + noC) group was observed (p = 0.04). Suggestive differences remained after also
adjusting for weight changes (Table 2). Baseline alpha diversity measures did not differ between the weight loss and
weight gain groups but changes in alpha diversity measures appeared to differ between the two groups (Figure 2). The
weight loss group (n = 16, BMI decreased 2.03 + 0.55 kg/m?) showed increases in OTU (+17.1% p = 0.02), Chao I index
(+40.6% p = 0.03), PD_whole tree (+15.4% p = 0.04), and Shannon index (+6.7% p = 0.06) while the weight gain group
(n =17, BMI increased 1.49 + 0.19 kg/m?) showed nonsignificant decreases in alpha diversity measures. The differences
in changes in alpha diversity measures between the two groups were suggestive: OTU(p = 0.06), Chao 1 index (p = 0.04),
and PD_whole tree (p = 0.08).These differences remained with adjustment for chemotherapy (Table 2).

Beta-Diversity Changes by Chemotherapy and Weight Changes

Supplementary Figure 1 showed that the neoADJ and non-neoADJ group did not differ in beta diversity at baseline or

final collection using the unweighted UniFrac distance (Panel A and B). Similarly, the weight loss and weight gain
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Table 2 Alpha Diversity Measures and BMI at Baseline and Changes Over Time by Chemotherapy Treatment and by BMI

By Chemotherapy By Body Mass Index (BMI)
Neoadjuvant Adjuvant (AD)) No P(1df)? P (Idf)® Proc Mixed BMI Loss BMI gain P (1df) Proc Mixed
(neoAD])) N=13 Chemotherapy neoAD] vs. neoAD) vs. P value* n=16 N=17 P value®
N=16 (noC)n=14 ADJ+noC AD)

Observed species | Baseline 32.00 (7.49) 34.15 (7.78) 35.50 (14.48) 0.47 0.43 34.31 (2.19). 32.29 (1.98) 0.79
(OTUL) Change 5.25 (8.43) 0.53 (11.27) —4.00 (2.58) 0.07 0.24 5.88 (2.18) —-1.12 (2.27) 0.06

P 0.03 0.85 0.13 0.28 0.02 0.72 0.03
Chaol Baseline 57.03 (18.56) 70.01 (25.80) 68.35 (42.18) 0.19 0.11 67.46 (6.92) 59.80 (5.37). 0.52

Change 29.44 (51.77) —5.64 (27.79) -3.03 (7.12) 0.04 0.05 27.36 (13.13) —3.08 (6.20) 0.04

P 0.03 0.50 0.63 0.05 0.03 0.64 0.04
Shannon Baseline 2.87 (0.39) 2.90 (0.41) 3.10 (0.49) 0.59 0.63 2.99 (0.09) 2.84 (0.10) 0.56

Change 0.20 (0.34) 0.07 (0.61) -0.18 (0.13) 0.10 0.31 0.2 (0.1) 0.01 (0.12) 0.33

P 0.02 0.84 0.13 0.56 0.06 0.89 0.25
PD whole tree Baseline 11.23 (2.22) 11.65 (2.32) 10.37 (2.84) 0.94 0.69 11.42 (0.54) 11.17 (0.6) 0.86

Change 1.25 (2.65) 0.28 (2.90) 0.82 (2.45) 0.30 0.29 1.76 (0.68) —0.08 (0.58) 0.08

P 0.09 0.95 0.88 0.46 0.04 0.85 0.05
Body mass index Baseline 31.05 (5.56) 30.21 (8.30) 36.11 (14.52) 0.49 0.36 31.47 (2.29) 31.21 (1.69) 0.77
(kg/m?) Change -0.71 (3.03) 0.29 (1.70) 0.07 (1.22) 0.61 0.51 —2.03 (0.55) 1.49 (0.19) <0.0001

P 0.74 0.47 0.88 0.37 <0.0001 <0.0001 <0.0001

Notes: P value obtained by Wilcoxon rank sum test, comparing neoAD) group (n = 16) vs. combined group of AD] + noC (n = 17). °P value obtained by Wilcoxon rank sum test, comparing neoAD)] group vs. AD] group. “Wilcoxon

signed rank test (Idf) comparing change (baseline to end collection) in alpha diversity measures. P value from proc mixed effects regression which also adjusted for weight changes. °P value from proc mixed effects regression which also
adjusted for chemotherapy treatment.
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Figure 2 Percentage change in alpha diversity measures (OTU, Chao | index, Shannon index, and PD Whole tree) by chemotherapy treatment (neoAD) n = 16, AD) n = |3,
noC n = 4), and by weight changes (weight loss n = 16; weight gain n = 17).

groups did not differ in their baseline or final microbiome (Panel C and D). None of the differences were statistically
significant using weighted UniFrac distance (data not shown).

Gut Microbiome Composition Changes by Chemotherapy

We compared mean taxa abundance at baseline and absolute changes (final-baseline) in taxa abundance between neoADJ (n
=16) and non-neoADJ (n = 17) using Wilcoxon rank sum and NBMM analyses (Table 3). The smallest Wilcoxon P values
were between 0.03 to 0.003 for five taxa: Bacteroidetes (g_Alistipes), Firmicutes (g_Clostridium, g FEubacterium,
g Bilophila) and Proteobacteria g Haemophilus). In NBMM analyses without adjustment for weight changes, changes
in abundance of four taxa differed at p values < 0.0007 and this included two Bacteroidetes taxa (g Alistipes p = 0.00003;
f $24-7 p = 0.0004) and two Firmicutes taxa (g_Catenibacterium p = 7.0E-06; g Eubacterium p = 0.0005). Changes in
eight other taxa were suggestive (0.0007 < p < 0.007):Actinobacteria (g_Slackia), Bacteroidetes (f Rikenellaceae),
Euryarchaeota  (g_Methanobrevibacter),  Firmicutes  (f_Germellaceae, g Turicibacter,  f Clostridiaceae,
g Acidaminococcus) and Verrucomicrobia (g_Akkermansia). Results were similar with adjustment for BMI changes;
p values were < 0.0007 for four taxa: Actinobacteria (g_Slackia), Bacteroidetes (f Rikenellaceae; g_Alistipes), Firmicutes
(f_Clostridiaceae) and were 0.0007 < p< 0.007 for seven taxa: Bacteroidetes (f S247), Euryarchaeota
(g_Methanobrevibacter), Firmicutes (f Germellaceae, g Turicibacter, g Acidaminococcus; g Eubacterium) and
Verrucomicrobia (g Akkermansia). With BMI adjustment, only the difference in abundance of Firmicutes
(g_Catenibacterium) was no longer observed. Results changed little when we further adjusted for number of days between
baseline and final fecal sample collection (model 3) and for last antibiotics use before final fecal sample collection
(model 4). The p values obtained from NBMM analyses for model 1 (no adjustment) and model 4 (fully adjusted) are
shown in Figure 3. Results were mostly similar comparing neoADJ to ADJ groups (Supplementary Table 1).

Gut Microbiome Composition Changes by Specific Chemotherapy Agents

There were changes in alpha diversity measures by receipt of specific chemotherapy agents (Table 4). All four alpha
diversity measures increased significantly after TCHP treatment and the changes differed significantly between those
treated with TCHP and not treated with TCHP (OTU p = 0.009; Chaol p = 0.02; Shannon p = 0.02; PD whole tree p =
0.05). Treatment with Taxol was associated with decreases in Chaol and the change between the Taxol treated and not
treated group was statistically significant (p = 0.03). Receipt of AC and Herceptin was not associated with differences in
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Table 3 Wilcoxon and NBMM Analyses to Examine Changes in Select Taxa Abundance Between Baseline and Final Fecal Sample by Chemotherapy Treatment: neoAD) vs. Non-

neoAD] (ADJ+ noC)

Mean Baseline (B) and Absolute Changes (A) in Taxa Abundance by Chemotherapy neoAD]) vs. Non-neoAD)
All N =33 neoADJ N = 16 ADJN =13 noC N =4 Wilcoxon Test ? NBMM®
No BMI BMI
Adjustment Adjustment
Specific taxa N =33 N =33 N =33
P__Actinobacteria B 0.013 (0.005) 0.013 (0.005) 0.017 (0.011) 0 (0) 0.55
f__Micrococcaceae Change —0.006(0.006) —0.01 (0.003) —0.006(0.013) 0.007 (0.007) 0.11
g Rothia Pe 0.20 0.008 1.00 0.50 0.11 0.16
P__Actinobacteria B 0.292 (0.086) 0.202 (0.11) 0.359 (0.137) 0.313 (0.311) 0.44
f__Coriobacteriaceae Change 0.138 (0.121) —0.045 (0.13) 0.359(0.214) —0.149 (0.146) 0.64
g_ Slackia Pe 0.37 0.84 0.21 0.25 0.002 0.00036
P_ Bacteroidetes B 0.014(0.005) 0.003(0.003) 0.026(0.011) 0.014 (0.014) 0.02
f_ Rikenellaceae Change 0.012(0.008) 0.025(0.012) —0.006(0.01) 0.017(0.017) 0.10
Pe 0.14 0.03 0.73 1.00 0.001 0.00037
P_Bacteroidetes B 0.791(0.179) 0.793(0.203) 0.683(0.244) 1.135(1.08) 0.41
f_ Rikenellaceae Change 0.036(0.008) 0.228(0.218) —0.114(0.219) —0.249(0.213) 0.76
g Pe 0.92 0.50 091 0.25 0.033 0.063
P__Bacteroidetes B 0.026 (0.009) 0.035 (0.015) 0.013(0.012) 0.033 (0.02) 0.056
f_Rikenellaceae Change —0.012 (0.009) —0.032 (0.015) 0.014(0.008) —0.014 (0.008) 0.007
g_Alistipes P¢ 0.19 0.016 0.25 0.50 0.000033 0.000033
P_Bacteroidetes B 0.26 (0.10) 0.25 (0.17) 0.35 (0.16) 0 (0) 0.37
f_S24-7 Change —0.17(0.09) —0.11 (0.16) —0.31(0.13) 0.01 (0.0l) 0.12
g Pe 0.12 091 0.020 0.50 0.00039 0.008
P__Euryarchaeota B 1.242 (0.87) 2.087 (1.78) 0.366 (0.26) 0.711 (0.71) 0.92
f_Methanobacteriaceae Change —0.696 (0.59) —1.428 (1.17) —0.202 (0.29) 0.624 (0.59) 0.80
g Methanobrevibacter | P© 0.55 0.16 0.74 0.25 0.003 0.003
P_Firmicutes B 0.006 (0.002) 0.005 (0.002) 0.009 (0.003) 0.002 (0.002) 0.36
f_ Gemellaceae Change 0.002 (0.004) 0.007 (0.006) —0.003 (0.004) 0 (0.003) 0.36
g Pe 0.74 0.82 0.43 1.00 0.005 0.006
(Continued)
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Table 3 (Continued).

Mean Baseline (B) and Absolute Changes (A) in Taxa Abundance by Chemotherapy

neoAD] vs. Non-neoAD)

AllN =33 neoADJ N = 16 ADJN =13 noC N =4 Wilcoxon Test * NBMM"
No BMI BMI
Adjustment Adjustment

Specific taxa N =33 N =33 N =33
P_Firmicutes B 0.137 (0.06) 0.14 (0.09) 0.16 (0.11) 0.06 (0.06) 0.62
f_ Enterococcaceae Change 0.014 (0.13) 0.13 (0.27) —0.12(0.09) —0.02(0.03) 0.26
g_Enterococcus Pe 0.18 0.92 0.047 0.75 0.028 0.035
P_Firmicutes B 0.042 (0.022) 0.003 (0.002) 0.05 (0.031) 0.17 (0.15) 0.13
f_Turicibacteraceae Change —0.016 (0.02) 0.014 (0.009) —0.023 (0.04) —0.11(0.10) 0.26
g_Turicibacter P* 0.90 0.15 0.69 0.13 0.001 0.001
P_ Firmicutes B 0.095 (0.07) 0.013 (0.01) 0.20 (0.18) 0.08 (0.08) 0.70
f_ Clostridiaceae Change —0.043 (0.07) 0.077 (0.05) —0.19 (0.17) —0.04 (0.06) 0.28
g Pe 0.72 0.34 0.69 1.00 0.003 33 E-10
P_ Firmicutes B 0.104(0.06) 0.048(0.03) 0.032 (0.03) 0.567 (0.46) 0.16
f_ Lachnospiraceae Change 0.019 (0.06) —0.040(0.03) 0.198 (0.12) —0.328 (0.24) 0.003
g_ Clostridium Pe 0.76 0.38 0.024 0.13 0.017 0.027
P_ Firmicutes B 1.50 (0.26) 1.55 (0.45) 1.45 (0.31) 1.41 (0.85) 0.63
f_ Ruminococaceae Change 0.06 (0.24) 0.51 (0.30) —0.42(0.44) —0.22(0.27) 0.13
g P¢ 0.69 0.14 0.50 0.63 0.036 0.048
P_ Firmicutes B 0.44 (0.24) 0.87 (0.48) 0.033 (0.03) 0.036 (0.04) 0.40
f_ Veillonellaceae Change 0.056 (0.33) —0.41 (0.55) 0.626 (0.46) 0.072 (0.06) 0.31
g Acidaminoccoccus Pe 0.30 0.84 0.13 0.50 0.001 0.001
P__Firmicutes B 0.038 (0.021) 0.05 (0.041) 0.034 (0.016) 0.001 (0.001) 0.62
f_ Mogibacteriaceae Change —0.002 (0.21) 0.018 (0.04) —0.029 (0.016) 0.008 (0.007) 0.26
g_ Mogibacterium Pe 0.80 0.69 0.16 0.50 0.049 0.062
P__Firmicutes B 0.143 (0.062) 0.094 (0.066) 0.247 (0.134) 0.001 (0.001) 0.52
f_ Erysipelotrichaceae Change —0.012 (0.08) 0.169 (0.106) —0.241 (0134) 0.005 (0.006) 0.09
g Catenibacterium Pe 0.93 0.16 0.13 1.00 7.0 E-06 0.24
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P__Firmicutes B 037 (0.11) 0.09(0.03) 0.80 (0.24) 0.10 (0.09) 0.032

f_ Erysipelotrichaceae | Change —0.13(0.11) 0.16(0.07) ~0.57(0.23) 0.12(0.08) 0.003

g [Eubacterium] pe 0.95 0.042 0.020 0.13 0.00048 0.001
P__Proteobacteria B 0.092(0.02) 0.133(0.033) 0.042(0.012) 0.085(0.074) 0.08

f_ Desulfovibrionaceae | Change 0.086(0.059) 0.019(0.047) 0.214(0.132) ~0.062(0.063) 0.006

g Bilophila pe 023 0.50 0.002 0.75 0.015 0.019
P__ Proteobacteria B 0.356(0.16) 0.431(0.29) 0.37(0.23) 0.009(0.008) 039

f_ Pasteurellaceae Change ~0.18(0.17) ~0.16(0.031) -0.32(0.23) 0.128(0.096) 0.03

g Haemophilus pe 0.76 021 0.23 0.25 0.54 0.60
P_Verrucomicrobia B 0.491 (0.371) 0.976 (0.758) 0.042 (0.036) 0.008 (0.006) 0.018

f_ Verrucomicrobiaceae | Change ~0.138 (0.407) ~0.738 (0.784) 0.370 (0.277) 0.605 (0.578) 0.15

g Akkermansia pe 0.52 0.45 0.16 0.50 0.005 0.008

1344

Notes: *Wilcoxon rank sum (1df) comparing neoAD] vs. non-neoAD] (AD) + noC) groups at baseline and last collections, and in the change between last and baseline samples. bNegative binomial mixed model tests in R: glmm.nb (count
at gena ~ period*weight change2 + offset(log(totreads)), random = ~ ||SubjectID), Period (final vs. baseline), t change2 (increase weight vs. decrease weight). Age (continuous), race (Hispanic or not Hispanic), and total number of reads
were included in the models. “Wilcoxon signed rank (1df) to test changes between last and baseline samples.
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Figure 3 Significantly differentially abundant taxa (p < 5% significance threshold) between the neoAD] (n = 16) vs. non-neoAD] groups (n = 17). The x-axis indicates the minus
log transformed p values, so that values further to the right indicate greater statistical significance. NBMM analyses were used in both models: the unadjusted (model I, green)
and fully adjusted (adjusted for weight changes, days between baseline and final fecal collection, and last antibiotics use) (model 4, blue).

changes of alpha diversity measures. Changes in taxa abundance by specific chemotherapy regimen are also shown in
Table 3. Abundance of one taxa (Firmicutes g Acidaminococcus) changed in relation to all four chemotherapy agents,
showing increases among those treated with AC and Taxol but decreases among those treated with TCHP and Herceptin;
the respective p values associated with changes in this taxa were 0.03, 0.10, < 0.01 and 0.02. Those treated with TCHP or
Herceptin showed increases in abundance of Verrucomicrobia (g Akkermansia) but decreases in the abundance of
Bacteroidetes (g_Alistipes); the differences in changes in taxa abundance were statistically significant. In addition,
women treated with TCHP showed increases in Firmicutes (g SMB53) (p value for change = 0.01). Abundance of
Actinobacteria (g_Actinomyces), Firmicutes (g_Coprococcus, g Ruminococcus) decreased among those treated with AC
(p values for change ranged from 0.01 to 0.03) while abundance of Actinobacteria (g Actinomyces, g Rothia) and
Firmicutes (g_Lactobacillus, g _Streptococcus) decreased among those treated with Taxol (p values for change ranged
from 0.02 to < 0.01). However, beta-diversity at baseline or final collection using unweighted UniFrac distance did not
differ by receipt (no/yes) of AC, Taxol, TCHP or Herceptin; results were similar using weighted UniFrac distance (data
not shown).

Gut Microbiome Composition Changes by Weight Changes

We compared baseline mean taxa abundance and absolute changes (final-baseline) in taxa abundance between the groups
using Wilcoxon and NBMM. None of the taxa showed changes in abundance by weight loss (n = 16) and weight gain (n
= 17) that met the p < 0.0007 threshold. However, one taxa, Firmicutes (g_Lachnobacterium) emerged in all three tests
(Wilcoxon p = 0.007; NBMM p = 0.002 without adjustment for chemotherapy; and p = 0.006 with adjustment for
chemotherapy) (Supplementary Table 2). Four taxa showed changes in abundance by short (< 246 days, n = 16) vs. long
(> 246 days, n = 17) duration between baseline and final fecal collection with p values between 0.02 and < 0.0001; only

one taxa remained significant at p = 0.001 after adjusting for chemotherapy treatment (data not shown).
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Table 4 Mean Baseline (B) and Absolute Changes (A) in Alpha Diversity Measures and Relative Abundance Levels of Select Taxa by
Specific Chemotherapy Agents

Alpha diversity AC Taxol TCHP Herceptin
No Yes No Yes No Yes No Yes
N=18 N=15 N =19 N =14 N =25 N=8 N =22 N =11
Observed species B 324 343 329 338 347 29.9° 349 30.0
Change 33 L1 41° -0.21 0.08 9.13° .64 3.55
Pe 0.34 0.22 0.009 0.065
Chaol B 60.4 67.2 60.9 67.1 69.2 489 *° 68.7 53.1
Change 14.4 8.4 246° -5.9 6.4 289° 10.8 134
Pe 0.13 0.026 0.02 0.52
Shannon B 2.90 293 291 2.92 297 272° 2.99 2.76
Change 0.14 0.05 0.18 0.00 0.00 042° 0.06 0.18
Pe 0.37 0.31 0.02 0.22
PD whole tree B 11.0 1.7 1.2 1.5 1.5 10.6 1.6 10.78
Change 0.95 0.65 1.13 0.39 0.34 23° 0.70 1.05
Pe 0.77 0.44 0.05 0.62
Select taxa
p__Actinobacteria B 0.04 0.21 0.04 0.24* 0.15 0.03 0.07 0.23
f__ Actinomycetaceae Change 0.01 —-0.18 0.02 -0.20 —-0.09 —0.01 —0.01 —-0.21
g Actinomyces Pe 0.03 <0.01 0.64 0.25
p__Actinobacteria B 0.0l 0.02 0.003 0.025* 0.02 0.00 0.01 0.02
f__ Micrococcaceae Change 0.00 —0.01 0.01 -0.020 © —0.01 0.00 0.00 —0.02
g_ Rothia Pe 0.07 <0.01 0.65 0.04
p__Bacteroidetes B 0.03 0.02 0.03 0.02 0.02 0.06 0.02 0.05
f_ Rikenellaceae Change —-0.02 0.00 —-0.02 0.00 0.00 —0.05 0.00 —0.04
g_ Alistipes Pe 0.39 0.19 0.04 0.03
p_ Firmicutes B 0.12 1.81 0.12 1.92 I.11 0.17 1.25 0.15
f_ Lactobacillaceae Change 0.89 —1.55 0.99 —-1.85 —0.67 1.19 -0.75 0.84
g Lactobacillus Pe 0.12 0.02 0.80 0.58
p__Firmicutes B 238 443° 1.48 5.80°? 3.84 1.67 3.13 3.69
f __ Streptococcaceae Change —0.05 —1.00 I.16 -2.70 —-0.20 —-1.36 0.71 —2.86
g._ Streptocooccus Pe 0.13 0.02 0.77 0.28
p__Firmicutes B 1.34 0.95 1.28 1.0l 1.49 0.13* 1.62 0.24
f__ Clostridiaceae Change -0.35 -0.29 -0.23 —0.45 —0.66 0.73° -0.71 0.45
g SMB53 Pe 0.45 0.17 0.0l 0.19
p__Firmicutes B 1.58 423° 2.06 3.76 3.28 1.23 329 1.78
f__lLachnospiraceae Change 1.74° —1.26 0.80 —-0.20 —-0.11 1.90 ® —-0.30 1.72
g Coprococcus Pe 0.0l 0.20 0.09 0.16
p__Firmicutes B 2.11 3.10 221 3.03 3.11 0.82° 3.05 1.58 #
f_ Lachnospiraceae Change 0.54 -182° 0.02 —1.28 -0.78 0.23 -0.75 —0.10
g_ Ruminococcus Pe 0.02 0.33 0.33 0.38
p__Firmicutes B 0.78 0.03 0.74 0.03 0.11 1.47 0.12 1.07
f__ Veillonellaceae Change -0.57 081° -0.43 071" 0.53° -1.42 043° -0.68
g Acidaminococcus Pe 0.03 0.10 <0.01 0.02
p__Verrucomicrobia B 0.12 0.93 0.12 0.99 0.65 0.03 0.71 0.04
f_ Verrucomicrobiaceae | Change 0.13 —0.46 0.12 -0.49 —0.34 049 ° -0.37 033
g Akkermansia Pe 0.29 0.48 <0.01 0.03

Notes: *Wilcoxon rank sum test (Idf) P < 0.05 when comparing user vs. nonuser of a specific chemotherapy agent. °P < 0.05 when comparing change, i.e., last collection-
baseline level of a specific chemotherapy agent for user or nonuser. “P < 0.05 showing differences in the changes between last and baseline samples between user and
nonuser of a specific chemotherapy agent.
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As of June 2022, there are 5 deaths (3 neoADJ, 1 ADJ, 1 noC), 4 lost to follow-up (1 probably dead, 3 do not know; all 4
are neoADJ). An additional 5 women who are still alive have had a recurrence or a cancer at a new site. Treatment with
neoADJ was associated with an increase risk of death (p = 0.05) but not with the composite outcome of death or recurrence/
new cancer. None of the alpha diversity measures were associated with either survival outcome (p > 0.15 for all).

Discussion

This pilot study of breast cancer patients with preplanned analyses to examine changes in gut microbiome during their
first year of treatment in relation to type of chemotherapy adds to the growing literature on the role of gut microbiome in
relation to breast cancer development and outcome. In all three groups, the final fecal sample was collected more than 100
days after the end of chemotherapy (for neoADJ and ADJ groups) or radiation (for noC group), representing a recovery
period. Although there were no differences in baseline gut alpha diversity measures between ADJ, neoADJ and noC group,
we found striking differences in gut alpha diversity changes by treatment, increases in all four alpha diversity measures in
the neoADJ group that was not observed in the ADJ or noC groups. Nonsignificant increases in alpha diversity were also
observed in the weight loss but not in the weight gain groups. We found suggestive gut microbiome changes by
chemotherapy agents; specifically increases in alpha diversity measures among those treated with TCHP.

Three studies of breast cancer patients offered intriguing information on gut microbiome of breast cancer patients by
chemotherapy treatment. In a Dutch study, baseline gut microbiome Shannon index was 5% higher among breast cancer
patients in the neoADJ (n = 18) than those in ADJ (n = 63) groups (p = 0.057).® In contrast, baseline alpha diversity
measures in our study were lower in the neoADJ than ADJ group (Table 2) but the ADJ group in the previous study was
~5 times larger while the sample size of the neoADJ in the two studies were similar. A second study based on the
CANTO cohort collected fecal samples before (n = 76) and after (n = 45) chemotherapy from breast cancer patients and
performed analyses combining the neoADJ and ADJ groups'®. In the Dutch study, alpha diversity decreased after
completion of chemotherapy (observed species decreased 9.6% [p = 0.042] and Shannon index decrease 2.5% [p =
0.21])"° whereas in the CANTO study, species richness increased (p = 0.033) after completion of chemotherapy (p =
0.033).'® However, because these two previous studies did not investigate changes in alpha diversity separately by type
of chemotherapy and our results suggest increased in alpha diversity in the neoADJ group but decreases in the AD group,
additional studies by type of chemotherapy will be needed. It should be noted that the last fecal sample was collected
~100 days after completion of chemotherapy in our study but it is not clear when the fecal sample was collected after
completion in the previous two studies.'>'® It is reasonable to speculate that changes in the gut microbiome immediately
after completion of chemotherapy may differ from gut microbiome assessed a few months after completion of
chemotherapy. A third study included 24 breast cancer patients with HER2+ disease who received neoADJ trastuzumab-
based chemotherapy. Results showed that baseline alpha diversity measures (Chaol, Shannon, Simpson indexes) were
significantly higher in the 16 responders (pathologic complete response) than in the 8 nonresponders who had residual
disease at surgery.'” Although our study was not designed to assess microbiome changes by treatment response, we found
no significant changes in alpha diversity in relation to risk of recurrence/metastases.

Changes in taxa abundance appeared to differ by treatment (neoADJ vs. ADJ) in this pilot study. One taxa, p Bacteroidetes
(g_Alistipes) showed decreases in the neoADJ group but not in the ADJ group after completion of treatment; this difference in
taxa changes reached the Bonferroni threshold of p < 0.0007. In the TCHP and Herceptin treated groups, abundance of
g Alistipes also decreased and the changes in abundance differed from those who did not receive TCHP or Herceptin. The
significance of our finding on Alistipes is unclear but this genus with at least 13 species has been found to be correlated with
healthy phenotypes as well as having pathogenic roles®” in colorectal cancer,* liver diseases,*' and gut-brain axis such as
depression.*” In a study of 26 cancer patients (7 with breast cancer) who were treated with chemotherapy or a combination of
chemotherapy with immunotherapy, Shannon index was higher in responders than in nonresponders, who also displayed
higher abundance of Alistipes.*> Lung cancer patients who were responsive to immune checkpoint inhibitors also showed
higher gut microbiome diversity as well as enrichment of Alistipes.**

We found suggestive differences in changes in taxa of select Erysipelotrichaceae genera (Catenibacterium,
Eubacterium and Clostridium), abundance increased in the neoADJ but decreased in the non-neoADJ groups. In
a study of breast or gynecological cancer patients, Erysipelotrichaceae abundance increased but this was mainly
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among women who gained weight following treatment.*> The immunogenic properties of some members of the
Erysipelotrichaceae family may lead to gut inflammation and weight gain*® Our findings on changes in taxa abundance
of Verrucomicrobia (g _Akkermansia), in particular, a reduction in abundance in the neoADJ group but an increase in the
non-neoADJ group, and increases in the TCHP and Herceptin treated groups, adds to the literature of the potential
beneficial properties of this butyrate-producing bacteria.*”*® Abundance of Akkermansia muciniphila has been reported
among responder patients,* and appeared to be associated with alpha diversity measures and fat mass among obese
women with breast cancer (see below)* further supporting its likely functional impact.

Alpha diversity measures have been associated with modifiable health measures including body composition, and low
gut alpha diversity has been associated with obesity in some studies.”>~" We found few changes in taxa differences between
the weight loss and weight gain groups, but one taxa, p Firmicutes (g _Lachnobacterium) showed changes that were
consistent in all three statistical analyses. Although average weight changes were modest during this first year of treatment,
our finding of a significant increase in alpha diversity measures in the neoADJ group may be related in part, to weight loss in
the neoADJ group (—1.48 kg) but weight gain in the ADJ (+1.01 kg) and noC (+0.33 kg) groups. Only a few previous studies
examined the relationship between weight/BMI and alpha diversity among breast cancer patients. In the cross-sectional
analysis of French women with mostly early stage (0/1, 71%) breast cancer, total bacteria number, Firmicutes and select taxa
(F. prausnitzii, Blautia, E. Lenta) were less abundant in overweight or obese (BMI > 25 kg/m?) patients than those with
normal BMI.>? In a study of all obese breast cancer patients (mean BMI of 33.3 to 36.3 kg/m?), those with high abundance
levels of Akkermansia muciniphila (n = 16) (6.72%) compared to those with low abundance levels (n = 16) (0.04%) had
significantly higher alpha diversity measures and lower fat mass measures.’® Our finding of a difference in the abundance of
Lachnobacterium between the weight gain and weight loss groups needs confirmation as there is scant information on this
genus. A Swedish cross-sectional study found that high intake of sugar and sweet beverages was significantly inversely
associated with abundance of Lachnobacterium.® However, another cross-sectional study found abundance levels of
Lachnobacterium was higher in obese subjects than normal weight subjects and higher among individuals with low physical
activity than those with high physical activity.”* We plan to further investigate gut microbiome changes by body
composition changes (lean mass, fat mass, etc.) and chemotherapy in this group of breast cancer patients in the future.

Strengths of this pilot study include the longitudinal collection of gut microbiome data on 33 breast cancer patients at
multiple (baseline, during, and at the completion) time points during the first year of treatment with either necoADJ, ADJ, or
noC treatment. In addition to the detailed information on breast cancer treatment, tumor characteristics, and lifestyle
information that was updated at each clinic visit, body composition was assessed using DXA at baseline and at the
completion of study. Our results on gut microbiome changes were analyzed using complementary statistical methods,
Wilcoxon rank sum test and NBMM analyses suitable for longitudinal microbiome data with adjustment for select
covariates including changes in weight, duration of days between baseline and final fecal sample collection, and last use
of antibiotics before final fecal collection. We also considered multiple comparisons and used a Bonferroni-adjusted type
I error rate to evaluate p-values. Participants included whites and nonwhites, reflecting the catchment area of USC.
However, we are limited by a modest sample size and the noC group was based on only 4 patients. Although we conducted
results separately for the three treatment groups, our main analysis was based on comparing neoADJ to non-neoADJ groups
(i.e., ADJ + noC). Because of the inherent differences in timing of treatment between neoADJ, ADJ, and noC groups, we
were not able to collect fecal samples at a standardized interval and the period of enrollment and length of follow-up were
not identical in the three groups (Figure 1). Nevertheless, the baseline fecal samples were collected before initiation of
chemotherapy for the neoADJ and ADJ groups or radiation for the noC group and the final fecal samples were collected
when there was a recovery period of at least 100 days after completion of chemotherapy or radiation. To rule out the
potential confounding effects of differences in duration between baseline and final fecal sample collection, we conducted
analyses to assess whether there were taxa differences by median time of sample collection (< 246 vs. > 246 days) and found
only 1 significant p value (< 0.001) after adjusting for chemotherapy. Moreover, the results from NBMM analysis
comparing neoADJ vs. non-neoADJ (ADJ +noC) groups largely remained after we adjusted for weight changes, number
of days between baseline and final fecal collection, and use of antibiotics (Figure 3).

However, in this pilot study, we only monitored patients during the first year of treatment and did not collect information on
additional treatment (e.g., hormone therapy) and the study was not designed and extremely underpowered to examine patient

Breast Cancer: Targets and Therapy 2022:14 https: 447

Dove:


https://www.dovepress.com
https://www.dovepress.com

Wu et al Dove

outcome in relation to baseline or changes in microbiome composition and diversity. Information on side effects (such as diarrhea
and other gut toxicities) in association with chemotherapy was not assessed. While we tried to collect additional information on
patient outcome by chart review, this information lacked details and may be incomplete. Body weight changes were also modest in
this relatively short follow-up study. Our gut microbiome analysis was based on 16s sequencing approach using the Greengenes
database that has not been updated since 2019. Given the large number and variety of bacteria included, interpretation of changes
of specific phyla or genera is challenging especially when information on function is lacking. Inclusion of more advanced
sequencing or databases or to conduct exome sequencing will help to address our current limited resolution which has led to lack
of species identification of microbes and ability to only conduct analyze down to the genus level. Host genetics as a possible
determinant of weight changes during chemotherapy treatment may also be another area for future examination. Finally, the
sample size of this study was very modest and thus our results have to be considered as preliminary requiring confirmation in
larger studies. The biostatistics analyses of longitudinal microbiome data are complex and this is an area of continued
development. Our results based on Wilcoxon and NBMM represent one approach to analyze this small dataset and we consider
the ability to adjust for covariates using NBMM an important advantage, but other analytic approaches such as Linear
Discriminate Analysis (LDA) effect size (LEfSe) methods,”> ANCOM>® and other methods should be explored and compared
in the future.

Nevertheless, results from this small pilot together, in combination with the published studies suggest that it is
important for future investigations to consider specific study design issues to facilitate comparisons of results between
studies and to allow meta-analyses or pooled analyses in the future. With the exception of a few studies,®’ this study as
most of the previous studies was small and included a heterogenous study population. It will be important to design
studies with adequate sample size, and paying attention to characteristics of breast cancer patients in terms of demo-
graphic (age, menopausal status, race and ethnicity) and lifestyle factors (BMI, history of diabetes and other conditions),
use of antibiotics (frequency and duration of use prior to fecal sample collection), as well as breast cancer tumor
characteristics (stage, grade, molecular subtype) since these factors, individually and jointly, may influence gut micro-
biome diversity and composition. In addition, the timing of collection of fecal samples before and after chemotherapy
needs to be specified (e.g., days or months before and after last chemotherapy or radiation or surgery) and the type of
chemotherapy treatment (e.g., duration of treatment, specific agents) should be considered in the analyses.

In conclusion, this pilot longitudinal study found significant increases in gut microbiome alpha diversity measures in the
neoADIJ group and in the TCHP treated group, but not in the non-neoADJ group, and also found intriguing changes in select
Bacteroidetes, Firmicutes, and Verrucomicrobia taxa. The dynamic nature of the gut microbiome in association with
chemotherapy and weight changes highlight the need to better understand the significance of these findings and how to
harness this information to identify a gut microbiome profile that would have lasting beneficial effects among women with
breast cancer. Given the very modest sample size of this pilot study, we view these taxa changes as suggestive and worthy of

investigation in future studies with larger sample sizes of breast cancer patients and with longer duration of follow-up.
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