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Abstract

Background: To understand inter-individual variability of fecal microbe transplantation (FMT) to enhance anti-PD-1
immunotherapy (IT) for melanoma, we analyzed the data sets from two recent publications with a microbial strain-
tracking tool to determine if donor strains were dominant in the recipient feces following FMT.

Results: Analysis of the Baruch et al. data set found that the presence of commensal donor microbes in recipient
feces post-FMT did not correlate with the patient response to IT. From the Davar et al, data set, we found 4
patients that responded to IT had donor’s related strain post-FMT, while 2 patients that did not respond to the IT
also had donor’s strain post-FMT. Importantly, we identified no donor microbes in the feces in one recipient post-
FMT that responded to IT. Furthermore, in depth analysis from two patients who responded to IT revealed both
donor and recipient strains at different times post-FMT. Colonization of the gastrointestinal tract niches is important
for the interaction with the host immune system. Using a separate data set, we show that mucosa from the cecum,
transverse colon, and sigmoid colon share strains, providing a large reservoir of niches containing recipient
microbes.

Conclusions: We demonstrated using strain-tracking analysis individual variation with the respect to the presence
of fecal dominant donor microbes in the recipient following FMT that did not correlate with the response to anti-
PD-1 immunotherapy. The inter-individual differences of FMT to enhance IT might be explained by the variability of
the donor microbes to occupy and outcompete recipient microbes for the gastrointestinal niches. The result from
our study supports the use of new approaches to clear the niches in the gastrointestinal tract to promote donor
colonization to reduce inter-individual variability of IT for melanoma and potentially other cancers.
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Background

The composition of the gut microbial community has
been shown to be a regulator of the response to anti-
PD-1 immunotherapy (IT) for a variety of cancers [1-4].
Recently, several studies have reported that fecal mi-
crobe transplantation (FMT) enhanced IT for melanoma
in humans [5, 6]. Interestingly, in both studies, patients
were given FMT with feces from individuals that had
responded to IT. However, the FMT in these individuals
had varied success and, in some instances, the same
donor enhanced survival in some patients but not in
others [5, 6].

Most of the clinical success for FMT to improve or al-
leviate symptoms has been found when given to relieve
patient’s chronic recurrent Clostridium difficile [7-10].
Subsequent studies reported sporadic success using
FMT for the treatment of diseases such as obesity, dia-
betes, IBD, and Crohn’s disease[7]. To further under-
stand the mechanism of FMT, later studies have used an
analysis that combined metagenomic DNA sequencing
with new informatics to investigate the microbial strain
community [11-13]. In a previous study, we used meta-
genomic DNA sequencing analysis with a Window-
based Single Nucleotide Variant (SNV) Similarity (WSS)
program to assess the strain relatedness of the microbes
in two separate samples from the same individual [11].
Using paired samples from the data set from the Human
Microbiome Project (HMP), we established cut-off
values for the WSS scores that can discern between re-
lated and unrelated samples [11, 14, 15]. Using the WSS
strain-tracking method, we have shown that FMT in pa-
tients with recurrent C. difficile results in the presence
of donor microbes in the feces of recipients for up to
two years with no evidence of residual recipient fecal
stains [11].

In the current study, we have used the WSS strain-
tracking method to analyze the FMT from two studies
that have used FMT to enhance IT [5, 6]. Both studies
have reported the favorable outcome of FMT to enhance
IT in patients with melanoma. In addition, they have
provided extensive post FMT longitudinal sampling and
results from metagenomic sequencing that allows for
strain tracking of donor microbes in recipients post
EMT. Our analysis demonstrates that the donor microbe
strains in the feces of the recipient following FMT do
not consistently predict a positive therapeutic response
for IT. Consistent with this result, the analysis of serial
fecal samples from the recipient’s post-FMT reveals tem-
poral variation between the donor and recipient mi-
crobes for fecal dominance. To put this result in
perspective, we incorporated a data set from a recent
study that used a unique strategy to assess the microbial
composition in the mucosa from the intestinal epithe-
lium from the cecum, transverse colon, and sigmoid
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colon [16]. We have used the WSS method to show that
shared microbial strains are found in each of the mucosa
from the intestinal epithelium of these different seg-
ments of the gastrointestinal tract (GI) intestinal epithe-
lium. Our analysis demonstrates the presence of the
donor microbes in the feces of the recipient’s post-FMT
is out of place and thus not predictive of the response to
IT and supports additional approaches to increase the
donor microbe occupancy of niches of the GI tract that
are important for microbial interaction with the host im-
mune system.

Results

Strain-tracking analysis in the feces of recipients post
FMT

For Baruch et al., we conducted WSS strain-tracking
analysis between donor-recipient pairs to determine
donor strain in the feces of the paired recipient’s sam-
ples [5]. A total of 2 donors and 10 recipients (5 recipi-
ents for each donor) were used for the analysis, and we
found that donor’s strain, including Alistipes putredinis,
Bacteroides vulgatus, Bifidobacterium adolescentis, Col-
linsella aerofaciens, Coprococcus eutactus, Eubacterium
eligens, Eubacterium rectale, Faecalibacterium prausnit-
zii A2, Faecalibacterium prausnitzii L2, Prevotella copri,
and Roseburia intestinalis was related to the recipients’
post-FMT strain at certain time points (Fig. 1 and Fig.
S1). Within these species, 6 species (B. vulgatus, B. ado-
lescentis, C. aerofaciens, E. rectale, F. prausnitzii L2, and
R. intestinalis) were showing that 36 cases had donor’s
related strain in recipient’s post-FMT regardless of
whether there was a clinical response or no response to
IT (Fig. 1 and Fig. S1). Overall, from the WSS strain-
tracking analysis, we observed that there was no correl-
ation between FMT and response to IT as evidenced
from our finding that the donor strain was found in the
recipient’s post-FMT samples with either response or no
response to IT. The presence of donor strains in these
samples might have been due to the experimental design
in which pills containing the donor feces were given
multiple times during the study [5].

We next conducted WSS strain-tracking analysis be-
tween donor-recipient pairs from Davar et al. [6]. In this
study, there was only a single FMT given to the recipi-
ents. In addition, two groups of donors were used: the
first group of donors (n=3) used his/her fecal sample
for the FMT on a single recipient while the second
group of donors (n=4) used his/her fecal sample in
multiple recipients (Table S1). From the WSS strain-
tracking analysis of the first group of each donor and
paired recipient, we found that there was no strain re-
lated between donor and recipient even though recipi-
ents responded to the IT (Fig. 2 and Fig. S2). As an
example, we found one donor-recipient pair where
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Species Response status | Donor-Recipient Days
Not response D2 vs. R2
Not response D2 vs. R4
Alistipes putredinis Not response D2 vs. R6
Not response D2 vs. R8
Not response D2 vs. R10
Not response D2 vs. R4
Bacteroides uniformis Not response D2 vs. R6
Not response D2 vs. R8
Not response D2 vs. R10
Not response D1 vs. R1
Complete response D1 vs. R3
Partial response D1 vs. RS
Partial response D1 vs. R7
Bacteroides vulgatus Not response D1 vs. RS
Not response D2 vs. R2
Not response D2 vs. R4
Not response D2 vs. R6
Not response D2 vs. R8
Not response D2 vs. R10
Not response D2 vs. R2
Parabacteroides merdae Not response D2 vs. R6
Not response D2 vs. R8
Not response D2 vs. R10
Not response D2 vs. R2
Parabacteroides sp. D13 Not response D2 vs. R4
Not response D2 vs. R8

WSS analysis (minimum coverage > 30 % and average depth > 3.5)

. Pre or Post FMT strain was related to the donor’s strain
Pre or Post FMT strain was unrelated to the donor’s strain

Fig. 1 WSS scores from donor-recipient pairs from Baruch et al. The WSS scores were observed comparing the donor's sample to paired
recipient’s pre- and post-FMT samples (0, 7, 31, and 65 days). All samples used for the analysis were listed in Table S1. The WSS scores per each
donor-recipient pair were grouped into different color boxes (see the figure key for detailed information). Major species found in the fecal sample
and common ones observed in the two different data sets (Baruch et al. and Davar et al) used in this study are included in this figure. The
remaining species found in this data set are shown in Fig. S1, and WSS scores for all pairwise comparisons are provided in Table S2. The white
boxes indicate the microbial strains that we were unable to determine relatedness due to the any sample in pairs not satisfying the criteria of

multiple donor strains (18—-0031), A. putredinis, (A) sha-
hii, (B) uniformis, B. sp. 1-1-6, B. sp. 2-1-16, and B. cellu-
losilyticus were found in the recipient (19 - 0013) even
though this recipient did not respond to the IT (Fig. 2
and Fig. S2).

In the second group analysis, we used WSS strain-
tracking to determine the presence of two separate
donor strains (18 - 0014 and 18 -008) in recipients
post-FMT. For the first donor (18 — 0014), we analyzed 4
different recipients: 19-0024 and 18-0032 that
responded to IT and 19-0026 and 19 - 0007 that did

not respond to IT (Fig. 3 A and Fig. S3). All of the FMT
pairs examined had donor strains in certain Alistipes
spp., and Bacteroides spp., regardless of whether the pa-
tient responded to IT. Specifically, we found two pairs
(18 - 0014 (donor) vs. 19-0026 (recipient), and 18 -
0014 (donor) vs. 19 — 0007 (recipient)) that did not re-
spond to IT had donor’s related strain in (A) putredinis,
(B) uniformis, and B. vulgatus (B. vulgatus is specific for
18 - 0014 vs. 19— 0007 pair) (Fig. 3 A). An interesting
situation was identified when a single donor (18 — 0008)
was used for three separate FMT with different
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Alistipes putredinis

Donor : Recipient N

18-0031:19-0013
19-0011 : 19-0006

Response status

Not response
Not response

Alistipes onderdonkii

Response status | Donor : Recipient

18-0006 : 19-0002
18-0031 : 19-0013

Response
Not response

Alistipes shahii

Response status

Response
Not response

Donor : Recipient

18-0006 : 19-0002
18-0031:19-0013

Bacteroides ovatus

Days

18-0006 : 19-0002
19-0011 : 19-0006

Response
Not response

Response status | Donor : Recipient |& (&% [~ {00 [N S22 (R |R(Q|S[R]2[SF|R(B|5[2|8|F[B|R|L
Response 18-0006 : 19-0002
Not response | 18-0031 : 19-0013
Not response | 19-0011 : 19-0006
Bacteroides uniformis Days
P | o|IN S VN O |v o=
Response status | Donor : Recipient S|B9 (R (8|5 |3(8|3|B8[R|n|R(8|B|(|8([S|ZIRS|ZIZZ|R(E(8|R|8(8|2
Response 18-0006 : 19-0002
Not response | 18-0031 : 19-0013
Not response | 19-0011 : 19-0006 T T T T T T T I I T T
Bacteroides vulgatus Days
<o < =)
ResponsestatusDonor:RecipientS&"\v\wdiﬂﬂ:ﬁﬁ%m%%"&8mESQ%@Eﬂﬁ8£8$%§§:gag§§§§§§§aﬁ
Response 18-0006 : 19-0002
Not response | 18-0031 : 19-0013
Not response |19-0011 : 19-0006
Parab i merdae Days
RIEE < x[o © o
Response status | Donor : Recipient | & | [~ [0 |32 (2|2 |R |8 |5F|R(2 |5 [B[T[R[R|B|6|R(S|S|S2[F(ZB|C|8|2(38(8|

Parab ides sp. D13
Response status‘ Donor : Recipient
Not response ‘ 19-0011 : 19-0006

A sample is not available

coverage > 30 % and average depth > 3.5)

!Pre or Post FMT strain was related to the donor’s strain

Pre or Post FMT strain was unrelated to the donor’s strain

Fig. 2 WSS scores from FMT with single donor-recipient pairs. Using the data from Davar et al,, the WSS scores were determined by comparing
the donor’s sample to every available paired recipient’s samples. The number of pre- and post-FMT samples from each recipient varies, and all
samples used for the analysis were listed in Table S1. The WSS scores per each donor-recipient pair were grouped into different color boxes (see
the figure key within the figure for detailed information). Major species found in the fecal sample and common ones observed in the two
different data sets (Baruch et al. and Davar et al.) used in this study are included in this figure. The remaining species found in this data set are
summarized, shown in Fig. S2, and WSS scores for all pairwise comparisons are provided in Table S3. The white boxes indicate the microbial
strains that we were unable to reliably determine relatedness due to the any sample in pairs not satisfying the criteria of WSS analysis (minimum

recipients. The transplant of 18 — 0008 into 19 - 0010 re-
sulted in the enhancement of IT, although we did not
detect donor strains for (A) shahii, (B) vulgatus or B.
ovatus in the recipients at times up to 187 days post-
EMT (Fig. 3B). The transplant of 18 — 0008 into the re-
cipient 18—-0033, 18—0034 or 19 - 0009 did not result in
enhanced IT and we did not detect donor microbe
strains after FMT (Fig. 3B).

To further examine strain relatedness among each re-
cipient’s longitudinal samples, we have conducted WSS
analysis on two pairs (18 - 0002 vs. 18—0018 and 18 -
0005 vs. 18 -0007) in which IT was enhanced after
FMT. To do this, we compared each recipient’s pre-
FMT sample with available longitudinal post-FMT sam-
ples. Here we found that for the 18 - 0002 transplant
into 18-0018 that donor strains of A. putredinis, A.
onderdonkii, (A) shahii, and P. merdae were dominant in
the recipient at all times up to 535 days post-transplant.

However, in the case of (B) ovatus, we found that the
donor strain was present in only the sample collected at
90 days. Interestingly, we found that there were pre-
FMT-related strains present, including B. uniformis, B.
vulgatus, and B. stercoris for the 18 — 0002 vs. 18—0018
pair (Fig. 4 A and Fig. S4A). In the 18 — 0005 FMT into
18 - 0007, we also found a mosaic pattern of donor and
recipient dominance in the feces up to 514 days post-
transplant (Fig. 4B and Fig. S4B). The results from these
longitudinal analyses highlight the complexities of the
FMT where at some times in the same individual the
donor strains post-FMT dominate in the feces (blue
boxes in Fig. 4 and Fig. S4) or recipient strains pre-FMT
strain were dominant (purple boxes in Fig. 4 and Fig.
S4). Finally, we also found dominant strains that were
not related to either donor or recipient as determined
from WSS scores below the cutoff (red boxes in Fig. 4
and Fig. S4).
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(A)

Alistipes putredinis

Response status| Donor : Recipient X
18-0014 : 19-0024
18-0014 : 18-0032

Response
Response

18-0014 : 19-0026
18-0014 : 19-0007

Not response
Not response

Alistipes onderdonkii

Response status | Donor : Recipient

Response 18-0014 : 19-0024

18-0014 : 18-0032
18-0014 : 19-0007

Response
Not response

Bacteroides ovatus Days

13
14
20
21

[ 22|
28
29

4
s
1
s
3
6
7

Response status| Donor : Recipient %f | m. I".‘ ~

67
69
77
83
92
113
118

Response 18-0014 : 19-0024

18-0014 : 18-0032
18-0014 : 19-0007

Response
Not response

Response status | Donor : Recipient

18-0014 : 19-0024
18-0014 : 18-0032

Response
Response

18-0014 : 19-0026
18-0014 : 19-0007

Not response
Not response

Pre or Post FMT strain was unrelated to the donor’s strain
A sample is not available

EPre or Post FMT strain was related to the donor’s strain

Bacteroides vulgatus

Response status | Donor : Recipient S

18-0014 : 19-0024
18-0014 : 18-0032

Response
Response

18-0014 : 19-0026
18-0014 : 19-0007

Not response
Not response

Parabacteroides merdae Days

|
Response status | Donor : Recipient r7l|~|°? ~SS(R §'|~|ﬁ EIESE b=d B S S I

18-0014 : 19-0024
18-0014 : 18-0032

Response
Response

6
69
77
83
92
113
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Not response

Not response

18-0014 : 19-0026
18-0014 : 19-0007 |

( B ) Alistipes shahii | Days

41
47
4

68

Response status| Donor : Recipient |~ |& & [~ (3|2 S|2|R S
Response 18-0008 : 19-0010

Not response | 18-0008 : 18-0033
Not response | 18-0008 : 18-0034| |

78

89

97
104
111
123
124
125
132
139
146
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187

Bacteroides vulgatus I Days

Response status | Donor : Recipient

18-0008 : 19-0010
18-0008 : 19-0009

Response
Not response

111
123
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132

o
o]
“

18-0008 : 18-0033
18-0008 : 18-0034 |

Not response
Not response

Bacteroides ovatus

Response status | Donor : Recipient |7'71
18-0008 : 19-0010

18-0008 : 19-0009

Response
Not response

111
123
124
|125]
132
139

o[
SN
|
o
SN
S|

18-0008 : 18-0033
18-0008 : 18-0034 |

Not response
Not response

analysis (minimum coverage > 30 % and average depth > 3.5)

~
o
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~
o
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Fig. 3 Donor microbe strains in recipients post-FMT where the same donor was used for multiple FMT. The WSS scores were determined by
comparing the donor’s sample to every available paired recipients’ sample. (A) a donor of 18 — 0014 was used to multiple recipients (19-0026,
19-0024, 19 — 0007, 18-0032) for FMT; and (B) donor of 18 — 0008 was used to multiple recipients (19— 0010, 19 — 0009, 18-0034, 18-0033).
Similar to Fig. 1, the number of pre- and post-FMT samples from each recipient is varied (see Table S1 for detailed sample information). The WSS
scores per each donor-recipient pair were grouped into different color boxes (see the figure key). Major species observed in the fecal sample and
common ones found in the two different data sets (Baruch et al. and Davar et al) used in this study are included in this figure. The remaining
species found in this data set are displayed in Fig. S3, and WSS scores from all pairwise comparisons are provided in Table S3. The white boxes
indicate the microbial strains that we were unable to determine relatedness due to the any sample in pairs not satisfying the criteria of WSS

Strain-tracking to analyze the microbes in the mucosa of
the intestinal epithelium of the colon

There is ample evidence for the interaction of gut-
associated microbes with the immune system [17, 18]. In
a recent study, James et al. analyzed the microbiota
found associated with the mucosa of the intestinal epi-
thelium of the normal human cecum, transverse colon,
and sigmoid colon to gain insights into the microbe
interaction with the human immune system [16]. Mi-
crobes within these regions of the colon are mainly
coated with immunoglobulin A (IgA) and some

immunoglobulin G (IgG) [16, 19, 20]. This feature was
used to isolate microbe DNA from colon segment sam-
ples of 6 individuals were used for metagenomic DNA
sequencing [16]. From this data set, we used the WSS to
compare the relatedness between the microbes from the
colon with transverse colon and sigmoid colon segments
of the 6 different individuals (Fig. 5). We found there
was considerable strain sharing (relatedness) between
the cecum-transverse colon and cecum-sigmoid colon
for Bacteroides spp. (no unrelated strains) and Parabac-
teroides spp. (one unrelated strain) (Fig. 5 and Fig. S5).
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Response 18-0005 : 18-0007

( A) Alistipes putredinis Days
ResponsestatusDonor:Recipientg:ﬂggggggpggaaggﬁggégg§§§§E§§§§EE§
Response 18-0002 : 18-0018
Alistipes onderdonkii Days
ResponsestatusDonor:Recipientm,:2%9'?rg3@?8g§§§§§§g§§§§§§§8§§§§§§£
Response 18-0002 : 18-0018
Alistipes shahii Days
ResponsestatusDonor:Recipientm,:ﬂ%?@*%@ﬂggsagggggégg§§§§S§§§§§§§
Response 18-0002 : 18-0018
Bacteroides ovatus Days
ResponsestatusDonor:Recipientm,:ﬂgg'SgS%R8ggaggﬁgg§§§§§§§sg§§§§§§
Response 18-0002 : 18-0018
Bacteroides uniformis Days
ResponsestatusDonor:Recipientm,:ﬂﬁg'S@%ﬂaggag%ﬁsggg%gggﬁggg§§ﬁ§ﬁ
Response 18-0002 : 18-0018
Bacteroides vulgatus Days
ResponsestatusDonor:Recipientm,:mggggggﬂgggagﬁgggégg§§§§§§§§§§§£
Response 18-0002 : 18-0018
Parabacteroides merdae Days
ResponsestatusDonor:RecipientQ:mggsgggﬂgggagggggégg§§§§8§§§§§§£
Response 18-0002 : 18-0018
Parabacteroides sp. D13 Days
ResponsestatusDonor:Recipientgﬁﬂ%gggggﬁgggagggggégg§§§§E§§§§EE§
Response 18-0002 : 18-0018
( B) Alistipes putredinis Days
Response status | Donor : Recipient [™ [~ [~ [ [R[S[R (R [&B § E § % 5 E
Response 18-0005 : 18-0007
Alistipes onderdonkii Days
Response status | Donor : Recipient |~ |~ [~ QR|F|R(R(B § E § % E §
Response 18-0005 : 18-0007
Bacteroides ovatus Days
Response status | Donor : Recipient |~ [~ |~ |Q [R|F| B[R |8 § E § % E E
Response 18-0005 : 18-0007
Bacteroides uniformis Days
Response status | Donor : Recipient | | [~ QIS|F|R[R|B § E § E E E
Response 18-0005 : 18-0007
Bacteroides vulgatus Days
Response status | Donor : Recipient | | [~ QIS|F|R[R|B § E § 5 E E
Response 18-0005 : 18-0007
Parabacteroides sp. D13 Days Pre or Post FMT strain was related to the donor’s strain
Response status| Donor : Recipient | [=|~ Q= |5 |R|R[B(S (X (8|5 (T |3 Pre or Post FMT strain was unrelated to the donor’s strain

Fig. 4 Longitudinal analysis of donor strains and recipient strains in recipients post-FMT. The WSS scores were determined by comparing the
donor’s sample to every available paired recipient’s sample. In addition, the recipient’s pre-FMT sample was also compared with the same
recipient’s post-FMT samples to determine strain relatedness. Only donor-recipient pairs that responded to anti-PD-1 IT were included for this
analysis. (A) a donor of 18 — 0002 was used to multiple recipients (19-0023, 18-0018) for FMT; and (B) donor of 18 — 0005 was used to multiple
recipients (19— 0001, 18 —0007). Only two donor-recipient (18 —0002 vs. 18-0018 and 18 — 0005 vs. 18 — 0007) of four pairs were responded to
the anti-PD-1 IT, and the WSS scores for all pairs used in this analysis are provided in Table S3. All samples used for this analysis are listed in Table
S1. The WSS scores per each donor-recipient pair were grouped into different color boxes (see the figure key). Major species found in the fecal
sample and common ones found in the two different data sets (Baruch et al. and Davar et al.) are included in this figure. The remaining species
found in this data set are displayed in Fig. S4. The white boxes indicate the microbial strains that we were unable to reliably determine
relatedness due to the any sample in pairs not satisfying the criteria of WSS analysis (minimum coverage > 30 % and average depth > 3.5)

A sample is not available

From our previous studies, these microbes represent the
abundant species that are routinely identified in strain-
tracking used to determine the relatedness between dif-
ferent fecal samples [11, 21]. Thus, these results demon-
strate strain sharing occurs for commensal microbial

strains in the intestinal epithelium throughout the entire
length of the normal colon encompassing the cecum,
transverse colon, and sigmoid colon, and suggests a large
community structure that extends throughout the entire
colon that could interact with the immune system and
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(A)

(B)

Cecum vs. Transverse colon (IgA set)

287C|312C|296C|298C(290B|302C

287C|312C|296C|298C{290B(302C]

Cecum vs. Sigmoid colon (IgA set)

Akkermansia muciniphila (CO: 99.8)

Akkermansia muciniphila (CO: 99.8)

Alistipes onderdonkii (CO: 97.4)

Alistipes putredinis (CO: 93.9)

Alistipes putredinis (CO: 93.9)

Bacteroides m liensis (C0O: 97.7)
Bacteroides plebeius (CO: 67.2)

Bacteroides massiliensis (CO: 97.7)

Bacteroides sp. 2-1-16 (CO: 98.1)

Bacteroides sp. 1-1-6 (CO: 97.4)

Bacteroides uniformis (CO: 97.8)

Bacteroides sp. 2-1-16 (CO: 98.1)

Bacteroides vulgatus (CO: 95.1)

Bacteroides vulgatus (CO: 95.1)

Barnesiella intestinihominis (CO: 99.3)
Bifidobacterium adolescentis (C0:69.4)

Barnesiella intestinihominis (CO: 99.3)
Bifidobacterium adolescentis (CO:69.4)
Collinsella aerofaciens (CO: 79.2)
Parabacteroides sp. D13 (CO:99)

Collinsella aerofaciens (CO: 79.2)
Faecalibacterium prausnitzii A2 (CO: 90)
Faecalibacterium prausnitzii L2 (CO: 77.5)
Faecalibacterium prausnitzii SL3 (CO: 81.5)
Parabacteroides sp. D13 (CO: 99)

Parabacteroides_merdae (CO: 98.1)

Parabacteroides_merdae (CO:98.1)
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Fig. 5 The relationship between microbial strains in the colon. Samples that were able to provide WSS scores for each species were selected to
compare the WSS scores between (A) cecum vs. transverse colon; (B) cecum vs. sigmoid colon; and (C) transverse colon vs. sigmoid colon from
IgA data sets. The summarized WSS scores were grouped into different color boxes (see the figure key). Each column in the table matches the
label shown in Table S1. WSS results from analyzed IgG data sets are shown in Fig. S5, and WSS scores for all identified species are
provided in Table S4. CO designates the WSS cut-off values for relatedness (Table S5). The white boxes indicate the microbial strains
that we were unable to determine relatedness due to the any sample in pairs not satisfying the criteria of WSS analysis (minimum

impact the capacity of the donor microbes derived from
FMT to facilitate the response to IT.

Discussion

In this study, we have utilized strain-tracking analysis to
investigate the inter-individual variability seen for FMT
to respond to IT. Strain-tracking analysis using two re-
cent data sets demonstrates the presence of donor mi-
crobes in the recipient does not correlate with the
response to IT. Further support that the link between
donor microbes in the feces of recipients and response
to IT is incongruent comes from the analysis of longitu-
dinal fecal samples from recipient’s post-FMT that re-
vealed an ongoing competition over time between the
donor and recipient microbial strains for fecal domin-
ance. Using a separate data set, we also determined that
the microbial strains in the intestinal mucosa of the
cecum, transverse, and sigmoid colon are shared, indi-
cating an extensive reservoir for the recipient microbial
strains to interact with the immune system. The results
of our strain-tracking analysis provide evidence that the

conditions used for transplant of donor microbes into
existing microbial communities of the recipient do not
ensure comprehensive replacement of the recipient mi-
crobes with donor and new insights to explain the inter-
individual variability of FMT to enhance IT.

The number of microbes in the cecum is estimated to
be approximately 10° CFU per gram [22]. Both Baruch
et al. and Davar et al. reported that the FMT used in
their studies was administered by a colonoscope into the
cecum [5, 6]. Although the number of microbes in the
donor might be similar at the time of FMT, the environ-
ment of the colon is conducive to microbes of the
gastrointestinal tract to increase in numbers 10,000-fold
during the passage through the colon to the feces, where
the number of microbes can be approximately 10'* CFU
per gram [22]. Thus, the transplanted donor microbes
would be expected to compete with the endogenous re-
cipient samples for amplification on the feces. From our
analysis of the fecal strains after early transplant, we
found in some FMT the donor microbes did outcompete
for the recipient microbes in the feces, while in other
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FMT the recipient microbes outcompeted the trans-
planted donor microbes and remained dominant in the
feces following FMT. For the Baruch et al. study, this in-
terpretation was complicated because of the additional
sites in the colon that received FMT for the first dose
and the additional FMT given to the patients (via pill) at
three time points during the study at 5-9 days before
collecting the fecal sample. Even with these extra doses
of donor microbes though, we did not see a complete
dominance of donor microbes in the recipient feces over
time that correlated with the success of IT. For Davar
et al., where only one FMT was given, we found separate
examples where the donor microbes were the dominant
fecal microbes, where a complex community of donor
and recipient fecal microbial communities was estab-
lished, or where the donor microbes disappeared result-
ing in the continued dominance of the recipient
microbes in the feces [6] (Fig. 4 and Fig. S4). The three
different sets of results are consistent with a previous
study by Li et al. who found mixtures of donor and re-
cipient microbes after a lean donor’s feces was trans-
planted into an obese recipient [23]. Collectively, the
results from both studies support the concept that the
ratios of the donor and recipient strains in feces can vary
over time following FMT. Most probably, these changes
reflect differences in competition for growth in feces that
can vary as a result of changing environmental condi-
tions, including diet [24].

One of the striking results of our strain-tracking analysis
was that we identified one patient from Davar et al. follow-
ing FMT (19 - 0010) that responded to IT without having
donor’s (18 — 0008) strain in the feces in the recipient post-
FMT [6]. This result, coupled with those in which we found
the presence of donor microbes in recipients that did not
respond, points to the possibility that the key to response
to IT might depend on whether the donor microbes had
colonized the GI epithelium. Previous studies have shown
that the interaction with the host immune system occurs in
the niches of the intestinal epithelium [16, 19, 20, 25]. As
we have shown in our analysis, the microbes in this mucus
layer from the intestinal epithelium share the same strains
thorough out the cecum, transverse colon, and sigmoid
colon (Fig. 5 and Fig. S5). These strains could serve as po-
tential reservoirs for repopulation of the microbial commu-
nity following disruptions. Indeed, we have shown from an
analysis of microbial strains before and after a standard
bowel wash that the strain profile recovered quickly, indi-
cating that the microbes are within the intestinal epithelium
niches are not eliminated by removal of the mucosa by the
bowel wash [26]. More importantly, these strains through-
out the intestinal epithelium could also provide a vast num-
ber of interaction sites between the microbial community
and the host immune system that would be necessary for
the response to IT.
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We acknowledge a limitation with our analysis that we
did not directly analyze the patient’s mucosal tissue in
our study for microbial colonization of the intestinal
mucus following FMT. Given the invasiveness of the
procedure to obtain intestinal mucus from patients at
varying times post- FMT, it would be unrealistic to ac-
complish these studies in patients undergoing cancer
therapy. An alternative might be to enhance the possibil-
ity that donor microbes from an FMT access the intes-
tinal mucosa might be to modify the FMT procedure. In
our previous study, we found FMT in patients with re-
current C. difficile resulted in the donor microbe
colonization that remained stable for up to two years,
while in another study Smillie et al. found donor mi-
crobes in the recipients post-FMT for months after
EMT [11]. In both of these studies, the patients had
undergone antibiotic treatment that had nearly elimi-
nated the recipient commensal microbial community
prior to the FMT [11, 27, 28]. Collectively, the results
from these previous studies, when taken in context with
the results from new our analysis of the microbe strain
conservation throughout the colon, suggests that antibi-
otics might be used to reduce the entire recipient micro-
bial community prior to FMT [28]. However, as we have
shown using data from a previous study by Palleja et al.
that disruption of the GI microbial strain community oc-
curred following administration of the last resort cock-
tail of 3 antibiotics was individual specific, indicating
potentially a personalized approach would be needed for
antibiotic depletion of the intestinal niches to reduce
inter-individual variation [21]. Following the cessation of
antibiotics, we would expect that the greater access for
the donor microbes after FMT to intestinal niches would
manifest in the patient as stable and dominant donor
microbe strains that would provide greater opportunities
for essential interactions with the host immune system
necessary for enhanced effectiveness of IT.

Conclusions

In this study, we demonstrated using strain-tracking
analysis individual variation with the respect to the pres-
ence of fecal dominant donor microbes in the recipient
following FMT that did not correlate with the response
to anti-PD-1 immunotherapy. To help to explain this re-
sult, we show conserved microbial strains throughout
the colon that could limit the opportunities for
colonization by the donor microbes following FMT. Our
study then supports that to reduce the inter-individual
variation in the colonization of recipient’s post-FMT it
might be necessary to first clear the recipient microbe
niches to provide opportunities for interactions with the
host immune system. Finally, additional studies will be
needed to delineate the immune system function vari-
ation between individuals to fully understand the
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differences in the effectiveness of IT for melanoma and
potentially other cancers.

Materials and methods

Data sets

We used publicly available data sets, James et al. [16],
Davar et al. [6], and Baruch et al. [5] to conduct strain-
tracking analysis. For James et al., we selected 6 individ-
uals mucosal tissue samples (a total of 36 samples) that
were collected from their colon segments (cecum, trans-
verse colon, and sigmoid colon). The collected micro-
biome samples were stained, sorted for IgG'IgA" or
[gGIgA", sequenced, and then deposited by James et al.
Further detailed sample information has been reported
by James et al. [16]. For Davar et al., fecal samples from
22 individuals (7 donors and 15 recipients) were col-
lected. For each donor, multiple samples collected at
various time points were merged into a single sample to
run the analysis. For each recipient, one sample was se-
quenced as pre-FMT (7 to 21 days prior FMT) and lon-
gitudinal samples were sequenced as post-FMT
(collected weekly for 12 weeks and then every 3 weeks, if
available) [6]. We selected a total of 15 donor-recipient
pairs to run the analysis. For Baruch et al., fecal samples
from 12 individuals (2 donors and 10 recipients) were
collected. For each recipient, one sample was sequenced
when colonoscopy-based FMT was conducted (0 day)
and longitudinal samples were sequenced as post anti-
PD-1 IT treatment (7, 31, and 65 day). All data sets used
in this study were summarized in Table S1.

DNA sequence reads and processing

A total of 3,350,868,513 metagenomic sequencing reads
were downloaded from all data sets; 357,236,853 from
James et al, 2,256,240,779 from Davar et al, and
737,390,881 from Baruch et al. (Table S1). Sequence
reads were then filtered to remove adapters, low-quality
reads (sliding window of 50 bases having a QScore < 20)
and short sequences (length <50) using Trimmomatic
[29]. Host genome sequences were also filtered by map-
ping sequence reads to hgl9 human reference genome
using bowtie2, with default parameters [30]. A quality-
filtered sequence reads from both data sets were then
used for the downstream analyses.

WSS Strain-tracking analysis
Our WSS strain-tracking analysis was conducted on
all data sets and the full details of the WSS analysis
procedure and comparison with other strain-tracking
methods can be found in our previously published pa-
pers [11, 21, 26, 31-33].

For strain-tracking analyses in individuals from James
et al. data set using WSS, each cecum sample was separ-
ately compared with transverse colon sample or sigmoid
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colon sample. Similarly, each transverse sample was sep-
arately compared with the cecum sample or sigmoid
colon sample. To determine related strain pair for each
sample pair (i.e. related strain pair between 1) cecum vs.
transverse colon, 2) cecum vs. sigmoid colon and 3)
transverse colon vs. sigmoid colon), a WSS score for
each species was compared against each species’ cut-off
value (related strain pair: WSS score > cut-off; unrelated
strain pair: WSS score < cut-off). For Davar et al, each
donor sample was compared with the paired recipient’s
pre- and post-FMT samples to determine donor’s related
strain in the recipient’s samples. The paired relationships
between donors and recipients are included in Table S1.
For Baruch et al.,, each donor sample was compared with
the paired recipient’s colonoscopy-based FMT (0 day)
and post-FMT samples (7, 31, and 65 day) samples to in-
vestigate donor’s related strain in the recipient’s samples.
The FMT relationships between donors and recipients are
shown in Table S1. From all analyses, species that did not
have an established cut-off value were excluded for pair-
wise comparison. Previously established cut-off values for
each species are listed in Table S5. All WSS scores found
in both data sets are shown in Tables S3, S4 and S5.

Abbreviations

FMT: Fecal Microbe Transplantation,; IT: ImmunoTherapy.; SNV: Single
Nucleotide Variant,; WSS: Window-based Single nucleotide variant Similarity.;
HMP: Human Microbiome Project,; Gl: Gastrointestinal.
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Additional file 1: Figure S1. Other species’ summarized WSS scores
from Baruch et al. WSS analysis of the sample pairs used for this figure is
provided in Fig. 1. All samples used for this analysis were listed in Table
S1. The summarized WSS scores from the species that did not include in
Fig. 1 were grouped into different color boxes (see the figure key). WSS
scores for all pairwise comparisons are provided in Table S2.

Additional file 2: Figure S2. Other species’ summarized WSS scores

from donors with having a single recipient. WSS analysis of the sample
pairs used for this figure is provided in Fig. 2. All samples used for the

analysis were listed in Table S1. The summarized WSS scores from the

species that did not include in Fig. 2 were grouped into different color
boxes (see the figure key). WSS scores for all pairwise comparisons are

provided in Table S3.

Additional file 3: Figure S3. Other species’ summarized WSS scores
from donors with having multiple recipients. WSS analysis of the sample
pairs used for this figure is provided in Fig. 3. See Table S1 for detailed
sample information. The summarized WSS scores from species that did
not include in Fig. 3 were grouped into different color boxes (see the
figure key). WSS scores from all pairwise comparisons are provided in
Table S3.

Additional file 4: Figure S4. Other species’ summarized WSS scores
from the longitudinal analysis. WSS analysis of the sample pairs used for
this figure is provided in Fig. 4. (A) donor of 18 — 0002 was used to
recipients (18-0018) for FMT; and (B) donor of 18 — 0005 was used to the
recipient (18 —0007). Summarized WSS scores for all pairs used in this
analysis are provided in Table S3. All samples that used for this analysis
are listed in Table S1. The summarized WSS scores from the species that
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were not included in Fig. 4 were grouped into different color boxes (see
the figure key).

Additional file 5: Figure S5. WSS scores between colon segments from
IgG data set. Samples that were able to provide WSS scores for each
species were selected to compare the WSS scores between (A) cecum vs.
transverse colon; (B) cecum vs. sigmoid colon; and (C) transverse colon
vs. sigmoid colon from IgG data sets. The summarized WSS scores were
grouped into different color boxes (see the figure key). Each column in
the table matches the label shown in Table S1. WSS scores for all
identified species are provided in Table S4.

Additional file 6: Table S1. Sample and sequence read information.
The original sequence files were sequenced and deposited by (A) James
et al, (B) Davar et al, and (C) Baruch et al. The table represents the
sample information along with sequence read information.

Additional file 7: Table S2. WSS scores for Baruch et al. All pairwise
comparisons were conducted between a donor-recipient paired sample
from Baruch et al. The resultant scores (%) are shown as a numerical
value. *CO indicates the cut-off value for each species

Additional file 8: Table S3. WSS scores for Davar et al. All pairwise
comparisons were conducted between donor-recipient paired samples.
The resultant scores (%) are shown as a numerical value. *CO indicates
the cut-off value for each species.

Additional file 9: Table S4. WSS scores for James et al. All pairwise
comparisons were conducted among colon segment samples. The
resultant WSS scores (%) are shown as a numerical value under the ‘WSS’
column.

Additional file 10: Table S5. Boundary cut-off values. A list of WSS cut-
off values is provided for each species. These values were previously
established based on the Human Microbiome Project (HMP) using our
classifier and can be used to assess the relatedness of the strains in two
separate samples in the same individual (Kumar et al,, 2017).
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