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Background. Recurrent Clostridioides difficile infection (rCDI) is associated with loss of microbial diversity and microbe-
derived secondary bile acids, which inhibit C. difficile germination and growth. SER-109, an investigational microbiome drug of 
donor-derived, purified spores, reduced recurrence in a dose-ranging, phase (P) 1 study in subjects with multiple rCDIs.

Methods. In a P2 double-blind trial, subjects with clinical resolution on standard-of-care antibiotics were stratified by age (< or 
≥65 years) and randomized 2:1 to single-dose SER-109 or placebo. Subjects were diagnosed at study entry by PCR or toxin testing. 
Safety, C. difficile–positive diarrhea through week 8, SER-109 engraftment, and bile acid changes were assessed.

Results. 89 subjects enrolled (67% female; 80.9% diagnosed by PCR). rCDI rates were lower in the SER-109 arm than placebo 
(44.1% vs 53.3%) but did not meet statistical significance. In a preplanned analysis, rates were reduced among subjects ≥65 years 
(45.2% vs 80%, respectively; RR, 1.77; 95% CI, 1.11–2.81), while the <65 group showed no benefit. Early engraftment of SER-109 
was associated with nonrecurrence (P < .05) and increased secondary bile acid concentrations (P < .0001). Whole-metagenomic 
sequencing from this study and the P1 study revealed previously unappreciated dose-dependent engraftment kinetics and confirmed 
an association between early engraftment and nonrecurrence. Engraftment kinetics suggest that P2 dosing was suboptimal. Adverse 
events were generally mild to moderate in severity.

Conclusions. Early SER-109 engraftment was associated with reduced CDI recurrence and favorable safety was observed. A 
higher dose of SER-109 and requirements for toxin testing were implemented in the current P3 trial.

clinical Trials Registration. NCT02437487, https://clinicaltrials.gov/ct2/show/NCT02437487?term=SER-109&draw= 
2&rank=4.

Keywords.  Clostridioides difficile infection; microbiome; dysbiosis; fecal microbiota transplantation; Clostridium difficile 
diagnostics.

Recurrence of Clostridioides difficile infection (CDI) occurs 
in 40–60% of patients with prior infection, with most recur-
rences following within 3 weeks of antibiotic discontinuation 
[1, 2]. Antibiotic exposure leads to low microbial diversity (ie, 
dysbiosis), impairing colonization resistance, a major function 

of the healthy microbiome [3, 4]. Although antibiotics kill toxin-
producing C. difficile vegetative bacteria, they have no impact on 
dormant spores, which germinate when dysbiosis persists [4].

Firmicutes and Bacteroidetes are 2 dominant phyla in 
the gastrointestinal microbiome, while proinflammatory 
Proteobacteria, comprise a limited fraction of healthy micro-
biota [5]. Depletion of Firmicutes species, and their metabolites, 
facilitates CDI recurrence. Primary and secondary bile acids 
(BAs) are microbe-associated metabolites that play a key role 
in the 2-phase life cycle of C. difficile (Supplementary Figure 1). 
Primary BAs are synthesized in the liver and secreted into the 
intestine where they are converted into secondary BAs by com-
mensal microbes, including spore-forming Firmicutes. In vitro, 
primary BAs promote C. difficile spore germination, while cer-
tain secondary BAs inhibit vegetative growth [6, 7]. Depletion 
of Firmicutes leads to an increase in the relative concentration 
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of primary versus secondary BAs, supporting favorable con-
ditions for spore germination, bacterial replication, and toxin 
production [8]. Although antibiotics kill vegetative C. difficile, 
microbiome therapeutics may promote a durable response by 
restoring microbial diversity and functions that prevent spore 
germination and vegetative growth.

Studies of fecal microbiota transplantation (FMT) in patients 
with recurrent CDI (rCDI) demonstrate a “proof-of-concept” 
that replenishment of key microbes, including the spore-forming 
Firmicutes bacteria (eg, Ruminococcaceae, Lachnospiraceae, and 
beneficial Clostridiaceae), is associated with clinical resolution 
[9] and a relative increase in secondary BA concentrations [6]. 
However, the paucity of placebo-controlled studies leads to un-
certain estimates of FMT efficacy, and optimal dosing and ad-
ministration routes are unknown [10–13]. Safety concerns have 
been amplified by recent reports of transmission of bacterial in-
fections and emerging viral infections (eg, coronavirus disease 
2019 [COVID-19]), highlighting the need for mandatory donor 
screening guidelines, Food and Drug Administration (FDA)–
regulated FMT products, and development of microbiome 
therapeutics with manufacturing steps that inactivate patho-
gens to mitigate risk [14–17].

While Bacteroidetes and Proteobacteria are not spore-
formers, a large number of Firmicutes are spore-formers, 
a characteristic that we exploited in our drug development 
process.

Based on the observation that Firmicutes play an important 
role in colonization resistance, we developed SER-109, an in-
vestigational microbiome drug consisting of a consortium of 
bacterial spores from healthy donors. Our nonclinical studies 
comparing the efficacy of fecal suspensions with matched spore 
fractions supported the use of Firmicutes to reduce CDI recur-
rence (Lombardo M-J, Litcofsky K, Cook D, Henn M, 2012, 
unpublished data). We developed a manufacturing process to 
reduce potential pathogens and fecal matter and debris, while 
enriching for spore-forming Firmicutes. Purified spores are re-
sistant to gastric acid, enabling oral formulation. Metabolically 
active bacteria that germinate can establish residence in the 
gastrointestinal tract, a process termed “engraftment.” We hy-
pothesized that engraftment of SER-109 dose-species leads to 
a succession of compositional and functional changes in the 
microbiome that reduce the risk of CDI recurrence.

In a 2-cohort open-label phase 1 dose-ranging study, SER-
109 led to clinical resolution in 26 of 30 (86.7%) subjects with 
rCDI. The same response rates were observed in the dose-
ranging (1 × 107–1010 spores for 2  days) and fixed-dose co-
horts (single dose of 1.1 × 108 spores) and the magnitude of 
SER-109 engraftment (using 16S ribosomal RNA [rRNA] gene 
sequencing) was similar between the 2 cohorts at the 8-week 
endpoint [18]. Based on these outcomes, we conducted a phase 
2 trial evaluating the same fixed dose (108) of SER-109. Herein, 
we report on the efficacy, safety, and engraftment analyses and 

change in BAs in the phase 2 study, which support the biologic 
activity of SER-109. We complement these data with an anal-
ysis of engraftment from the prior phase 1 study to enhance 
insights into the clinical outcomes, which guided our phase 3 
trial design.

METHODS

Study Subjects

This multicenter, randomized, double-blind, placebo-controlled 
phase 2 study evaluated the safety and efficacy of SER-109 
versus placebo to reduce rCDI. The protocol was approved by 
institutional review boards and conducted at 40 US sites.

Eligible adults aged 18  years or older with 3 or more CDI 
episodes within 9  months provided written informed con-
sent. The qualifying episode was defined as follows: (1) more 
than 3 stools/day for 2 or more consecutive days, (2) a positive 
C. difficile stool test by either polymerase chain reaction (PCR) 
or toxin testing (by enzyme immunoassay), and (3) clinical re-
sponse to standard-of-care antibiotics (ie, 10–21  days of van-
comycin or fidaxomicin). See the Supplementary Materials for 
inclusion/exclusion criteria.

Donor Screening and Preparation of SER-109

Our donor screening and manufacturing protocols have been 
reviewed by the FDA and are consistent with their published 
considerations [19]. Before donating stool, donors underwent 
a medical history, physical examination, laboratory testing 
(ie, chemistry, hematology, urinalysis), and viral, parasite, 
and bacterial pathogen testing from blood and fecal samples. 
Donors were re-screened before material was released for 
manufacturing.

Stool donations underwent Good Manufacturing Process–
compliant manufacturing steps including clearance of vegeta-
tive bacteria, fungi, parasites, and viruses via solvent treatments 
and purification steps (Supplementary Table 1). Nonproduct 
stool matter was reduced by over 200-fold to less than 5  mg/
dose, with final product purity of approximately 10–20% spores 
by weight. Three drug lots were evaluated in this study; each lot 
was derived from donations from a single donor. Genera identi-
fied within the lots are found in Supplementary Table 2. A total 
of 111 species (mean: 86 species per lot) were observed by direct 
whole-metagenomics shotgun sequencing (WMS). Seventy-
four percent of species were shared across 2 or more lots and 
59% were observed in all lots.

SER-109 potency was assessed by 2 complementary 
quantification methods by enumerating the number of 
(1) spores (SporQ) by calculating the concentration of 
dipicolinic acid in the spore capsid and (2) the viable 
colony-forming units generated after applying germinant. 
Hereafter, potency of SER-109 will be measured via SporQ 
and noted as “spores.”

https://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa387#supplementary-data
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Study Protocol

Subjects completed antibiotics 2–4  days prior to dosing. One 
day prior to dosing, subjects underwent a bowel preparation 
(10 ounces magnesium citrate) to minimize residual antibiotic 
and fasted overnight. Subjects were stratified by age (<65 years, 
≥65 years) and randomly assigned 2:1 to an observed dose of 4 
capsules of SER-109 (1 × 108 spores) or placebo.

Study Outcomes

Diarrhea was evaluated day 1 postdosing through week 8 or an 
early termination visit. Recurrence was defined as 3 or more 
unformed stools per day for 2 consecutive days, with a posi-
tive C. difficile stool test and an investigator decision to treat. 
Diagnostic testing included either (1) glutamate dehydrogenase 
antigen followed by either a PCR or toxin enzyme immuno-
assay (EIA) or (2) PCR alone.

Subjects with rCDI were eligible for screening for an open-
label extension study; those who elected not to enroll received 
antibiotics and were followed for safety assessments through 24 
weeks posttreatment.

Adverse events (AEs) were monitored from randomization through 
12 weeks and serious AEs through 24 weeks. Safety was assessed by 
history, physical examination, and laboratory testing.

Clinical Statistical Analysis

The primary outcome measure was the relative risk (RR) of CDI re-
currence among subjects randomized to placebo versus SER-109 up to 
8 weeks after treatment, analyzed using the Mantel-Haenszel method 
and stratified by age [20]. The corresponding 2-sided 95% confidence 
interval (CI) for the common RR was based on the Greenland and 
Robins variance estimate [21]. To determine if SER-109 was statisti-
cally superior to placebo, the lower bound of the CI was compared to 
the null value of 1. Efficacy analyses were conducted in the intention-
to-treat (ITT) population; safety analyses were conducted in the safety 
population. The ITT population included all subjects randomized, and 
the safety population included all who received the study drug. Time 
to CDI recurrence was analyzed per the Kaplan-Meier method [22].

Microbiome and Metabolomic Post Hoc Analyses

Whole-metagenomics shotgun sequencing and liquid chroma-
tography/mass spectrometry analyses were conducted post hoc 
on phase 1 and 2 datasets to evaluate the impact of SER-109 on 
clinical outcome.

Whole-Metagenomics Sequencing of Subject Stool and Drug Lots

Bacterial genomic DNA was extracted from stool and drug lot 
samples using the MagAttract PowerSoil DNA Kit (Qiagen), 
and WMS was performed (Illumina HiSeq; Diversign) to a 
target depth of 5 gigabases (Gb) for subject samples and SER-
109 drug product lots (see Supplementary Materials for further 
details).

Microbe taxonomic profiling was performed using a 
custom update of MetaPhlAn2 software [23, 24] that included 

additional taxonomic markers from genomes of spore-forming 
species from public databases and Seres strain isolates. Data 
were subsampled to 470 000 mapped reads to ensure a similar 
limit of detection across samples.

Microbiome and Metabolomic Analyses

The output from the MetaPhlAn2 taxonomic profiling pipe-
line is referred to as the “microbiome profile” of a sample. 
SER-109 dose-species were defined as the set of spore-forming 
Firmicutes species identified by WMS analysis of the drug lots.

We quantified the number of SER-109 dose-species in the 
fecal samples of SER-109 subjects as compared with placebo 
subjects as a measure of SER-109 engraftment. We quanti-
fied the abundance of Bacteroidetes as a measure of the im-
pact of SER-109 treatment on non–dose-species abundance. 
Statistical tests for comparisons across treatment and out-
come groups included 2-sided Mann-Whitney U test and 
Spearman’s correlation and were conducted as noted in the 
Results section [25, 26].

Bile acid metabolomics were performed at Metabolon, Inc 
(Durham, NC). Details on sample handling and quantification 
are found in the Supplementary Materials.

RESULTS

Patient Demographics

Recruitment occurred between May 2015 and October 2016; 89 
of 131 (67.9%) subjects screened were randomized (59: SER-
109; 30: placebo). The most common reasons for screen fail-
ures were an inadequate antibiotic response and fewer than 3 
documented CDI episodes within 9  months (Figure  1). The 
baseline characteristics in the SER-109 and placebo arms were 
well balanced as all comparisons were nonsignificant (Table 1). 
Of the study candidates who were enrolled based on a posi-
tive C. difficile test, 19.1% were tested with an EIA toxin assay 
(Table 1).

Efficacy of SER-109

In the overall population, there was no significant differ-
ence in CDI recurrence rates between SER-109 or placebo 
subjects (44.1% vs 53.3%; RR, 1.2; 95% CI, .8–1.9) (Figure 2). 
However, the primary endpoint by age stratum showed that 
SER-109 significantly reduced recurrence, compared with 
placebo, among those aged 65 years or older (45.2% vs 80%, 
respectively; RR, 1.8; 95% CI, 1.1–2.8). In contrast, among 
subjects younger than 65  years, no significant difference in 
CDI recurrence rates were observed in SER-109 subjects 
compared with placebo (42.9% vs 26.7%, respectively; RR, 
.62; 95% CI, .24–1.6).

Efficacy was similar across drug lots with overlap of 95% CIs; 
however, the trial was not powered for this analysis. An analysis 
of outcomes by diagnostic test was uninformative due to the 
low numbers of subjects tested with EIA toxin (Supplementary 
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Table 3). Time to recurrence was not different, with 25% of 
subjects recurring in 11 or 12 days in the SER-109 versus pla-
cebo groups, respectively. Notably, 50% of recurrences occurred 
within 11 days.

Safety

SER-109 was generally well tolerated. Adverse events occurred 
in 46 of 60 (76.7%) subjects on SER-109 and 20 of 29 (69.0%) 
subjects on placebo; AEs were generally mild to moderate in 
severity (Table  2). Six subjects (10.0%) on SER-109 experi-
enced a severe AE; none were considered related to study drug. 
Gastrointestinal disorders were the most commonly reported 
but did not differ significantly by treatment arm (55.0% SER-
109 vs 44.8% placebo; P = .44).

Overall, 16.9% of subjects experienced an AE considered 
by the investigator to be related or possibly related to the 
study drug, including 18.3% on SER-109 and 13.8% on 
placebo.

Twelve of 89 subjects (13.5%) experienced a serious AE: 9 of 
60 (15.0%) subjects who received SER-109 and 3 of 29 (10.3%) 
who received placebo. None were considered treatment related.

SER-109 Engraftment and Clinical Outcome

We assessed engraftment by comparing the number of dose-
species in stool samples at 3 time points. As expected, minimal 
SER-109 dose-species were detected at baseline (ie, following 
cessation of antibiotic) in either treatment arm. As early as week 
1 following dosing, subjects receiving SER-109 had significantly 
more dose-species than those on placebo; this response was 
durable through 8 weeks (P < .001 for all comparisons; Mann-
Whitney U test) (Figure  3). Engraftment at week 1 did not 
vary significantly by drug lot received (P = .34, Kruskal-Wallis 
test). We evaluated the relative abundance of Bacteroidetes as 
a measure of the impact of SER-109 on recovery of non–dose-
species and observed significantly greater relative abundance of 
these species at week 8 in subjects treated with SER-109 com-
pared with placebo (P = .04) (Supplementary Figure 2).

Figure 1. CONSORT diagram. One subject randomized to placebo was dosed with SER-109; this subject was analyzed with the placebo intention-to-treat population in all 
efficacy analyses* and with the SER-109 safety population in all safety analyses*  (see Supplementary Materials for further details). Abbreviation: CONSORT, Consolidated 
Standards of Reporting Trials.
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We next evaluated whether the degree of engraftment dif-
fered by clinical outcome. Since 50% of recurrences were ob-
served by day 11, we compared dose-species diversity at 
baseline and week 1 by clinical outcome. Before SER-109 treat-
ment, dose-species diversity was not associated with outcome 
in either treatment group (Mann-Whitney U test). At week 1, 
SER-109–treated subjects with nonrecurrence had significantly 

more dose-species than those who did experience a recurrence 
(P < .05, Mann-Whitney U test) (Figure 4). This association was 
not observed in placebo recipients at week 1. Although SER-109 
was associated with a significant reduction in recurrence among 
subjects aged 65 years or older, age had no impact on the mag-
nitude of engraftment (Supplementary Figure 3).

SER-109 Engraftment and Secondary Bile Acids

To understand the association of SER-109 engraftment with 
nonrecurrence, we evaluated the relationship between engraft-
ment and the abundance of secondary BAs, previously shown 
to inhibit C. difficile germination [27]. At week 1, there was a 
significant positive correlation between the number of SER-
109 species and the abundance of secondary BAs lithocholic 
acid (LCA) and deoxycholic acid (DCA), as shown in Figure 5 
(Spearman correlation, P < .0001 for both comparisons). In 
subjects receiving SER-109, DCA and LCA levels were higher 
in subjects with nonrecurrent CDI compared with subjects who 
experienced recurrence before week 8; however, these observa-
tions were not significant (P = .08 and .10, respectively; Mann-
Whitney U test).

Post Hoc Comparison of Phase 1b and Phase 2 Trials

Since the CDI recurrence rate for SER-109 subjects was higher 
in this phase 2 trial (44%) than in the phase 1 study (13.4%), 
we evaluated both studies to identify potential factors that may 
have led to this discordance in clinical outcomes, including the 
following: (1) demographics (eg, duration of antibiotics prior 
to SER-109 dosing, number of prior CDI episodes, time from 
antibiotic cessation to study drug dosing), (2) study design (eg, 
number of study sites, diagnostics, dose regimen), and (3) drug 

Table 1. Demographics and Baseline Disease Characteristics of Subjects 
in the Intent-to-Treat Population

Characteristics
SER-109  
(n = 59)

Placebo  
(n = 30)

Total  
(n = 89)

Age class

 <65 years 28 (47.5) 15 (50.0) 43 (48.3)

 ≥65 years 31 (52.5) 15 (50.0) 46 (51.7)

Female sex 40 (67.8) 20 (66.7)  60 (67.4)

White race  54 (91.5) 29 (96.7) 83 (93.3)

Non-Hispanic/Latino ethnicity 57 (96.6) 28 (93.3) 85 (95.5)

Number of previous CDI episodes (inclusive of the qualifying episode)

 3 28 (47.5) 20 (66.7) 48 (53.9)

 4 21 (35.6) 5 (16.7) 26 (29.2)

 ≥5 10 (16.9) 5 (16.7) 15 (16.9)

Antibiotic used for qualifying episode

 Vancomycin 47 (79.7) 23 (76.7) 70 (78.7)

 Fidaxomicin 12 (20.3) 7 (23.3) 19 (21.3)

Diagnostic test used at study entry

 PCR+ 47 (79.7) 25 (83.3) 72 (80.9)

 GDH+/toxin+ 12 (20.3) 5 (16.7) 17 (19.1)

PPI use at baseline 19 (32.2) 8 (26.7) 27 (30.3)

Data are presented as n (%). The placebo ITT population includes 1 subject randomized to 
placebo who was administered SER-109. 

Abbreviations: CDI, Clostridioides difficile infection; GDH, glutamate dehydrogenase; ITT, 
intent-to-treat; PCR, polymerase chain reaction; PPI, proton pump inhibitor.

Figure 2. Rates of recurrence of CDI within 8 weeks of study drug treatment in the ITT population of the phase 2 population. Among all study subjects, SER-109 was not 
associated with a statistically significant reduction in risk of recurrence. In an age-based subgroup analysis, SER-109 was associated with a significant reduction in recur-
rence among subjects aged ≥65 years (Mantel-Haenszel test: RR, 1.77; *95% CI, 1.1–2.8) but not in subjects <age 65. Abbreviations: CDI, Clostridioides difficile infection; CI, 
confidence interval; ns, nonsignificant; RR, relative risk.
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manufacturing (eg, process changes, potency assays, drug di-
versity and composition, and drug activity in an animal model). 
The primary differences we identified in this analysis were re-
lated to number of sites (40 vs 4), study design (open-label vs 
randomized-controlled) and dose regimen (dose-ranging vs 

fixed-dose). Based on these findings, we focused our subse-
quent analyses on the impact of the dose regimen on SER-109 
engraftment.

We assessed the magnitude of engraftment at week 1 as a 
function of dose across 3 groups: phase 1 “low-dose” (3.4 × 107–
1.3 × 108 spores), phase 1  “high-dose” (1.5 × 108–2.3 × 1010 
spores), and phase 2  “fixed-dose” (1 × 108 spores) (Figure 6). 
There was no significant difference in the number of SER-109 
species between those who received the low-dose or fixed-dose 
regimens. However, phase 1 subjects who received the high 
dose had a greater number of SER-109 species by week 1 than 
the other 2 dosing cohorts, consistent with a dose-dependent 
response. This result is consistent, regardless of whether the 
SporQ or the spore colony-forming units methodology is used 
for quantifying SER-109 potency (Supplementary Figure 4).

DISCUSSION

We propose that sustained clinical resolution of CDI requires a 
new 2-pronged treatment approach: antibiotics to kill vegeta-
tive C. difficile bacteria followed by a microbiome therapeutic 
to prevent spore germination and rapidly restore colonization 
resistance. SER-109 was developed to provide a scaffolding of 
Firmicutes bacteria that lead to an ecologic succession of com-
positional and functional changes in the microbiome, which 
reduce the risk of CDI recurrence after antibiotic-mediated 
disruption.

Figure 4. Number of SER-109 species stratified by outcome in the phase 2 study. 
Nonrecurrent subjects had significantly more SER-109 species than recurrent 
subjects within the treatment arm 1 week postdosing (wk1; P < .05, Mann-Whitney 
U test) but not at baseline (Mann-Whitney U test). SER-109 species diversity was 
not significantly different for subjects receiving placebo at either baseline or 1 week 
posttreatment (Mann-Whitney U test). Boxplots display the median (horizontal line), 
25th and 75th percentiles of distribution (box edges), range of nonoutlier observa-
tions (whiskers), and outlier observations (dots; >1.5 times the interquartile range). 
Sample sizes are shown below the x axis, *P < .05. Abbreviations: BL, baseline; ns, 
nonsignificant; wk1, week 1.

Figure 3. Number of SER-109 species stratified by time point and treatment in 
the phase 2 study. In the phase 2 study, subjects receiving treatment had signif-
icantly more SER-109 species than those receiving placebo at weeks 1, 4, and 8 
posttreatment (P < .001, all comparisons; Mann-Whitney U test). At pretreatment 
baseline, SER-109 diversity was not significantly different between subjects re-
ceiving placebo or SER-109 (Mann-Whitney U test). Boxplots display the median 
(horizontal line), 25th and 75th percentiles of distribution (box edges), range of 
nonoutlier observations (whiskers), and outlier observations (dots; >1.5 times 
the interquartile range). Sample sizes are shown below the x axis. ***P < .001. 
Abbreviations: BL, baseline; ns, nonsignificant; wk, week.

Table 2. Summary of Adverse Events

AE Categories
SER-109  
(n = 60)

Placebo  
(n = 29)

Subjects with AEsa 46 (76.7) 20 (69.0)

 Subjects with mild AEs 24 (40.0) 11 (37.9)

 Subjects with moderate AEs 16 (26.7) 9 (31.0)

 Subjects with severe AEsb 6 (10.0) 0

Subjects with study drug–related or  
possibly related AEs

11 (18.3) 4 (13.8)

Subjects with serious AEs 9 (15.0) 3 (10.3)

 Subjects with serious AEs related  
or possibly related to study drug

0 0

Number of subjects with AEs leading  
to death

1 (1.7) 0

Data are presented as n (%). SER-109 safety group includes 1 subject randomized to pla-
cebo and administered SER-109; this subject was included in the placebo ITT population for 
efficacy analysis. Abbreviations: AE, adverse event; ITT, intent-to-treat.
aReported AEs occurred following initiation of study treatment with SER-109 or placebo.
bSevere AEs included a single subject each with severe diarrhea, deep vein thrombosis, 
and a drug overdose; 2 subjects experienced abdominal pain; 1 subject had multiple severe 
AEs, including abdominal and flank pain, constipation, pelvic mass and deep vein throm-
bosis, chest pain, and agitation. This subject subsequently died with a diagnosis of meta-
static non–small cell lung cancer, which was deemed by the investigator to be a serious 
AE unrelated to the drug.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa387#supplementary-data
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The safety profile of SER-109 was similar to placebo with 
mainly mild or moderate AEs. Commonly reported AEs 
were gastrointestinal disorders, as reported with FMT [13]. 
None of the serious AEs were considered drug related by the 

investigators. This favorable safety profile might be expected 
given that SER-109 is composed of Firmicutes bacteria, which 
normally reside within the healthy microbiome. Furthermore, 
compared to FMT, SER-109 manufacturing and quality-control 
processes mitigate the risk of transmitting undetected patho-
gens, beyond donor screening alone (Supplementary Table 
1). Viral inactivation is particularly important in light of the 
emerging epidemic of COVID-19 and the current absence of 
commercially available diagnostics for severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) in stool [16].

Potential explanations for failure of SER-109 to achieve a 
significant therapeutic effect in the overall phase 2 study pop-
ulation were 2-fold: underdosing of SER-109 and use of PCR 
testing in most subjects.

From our reanalysis of the phase 1 and 2 trials, we learned 
that there is a dose-dependent response governing early SER-
109 pharmacokinetics, with increased engraftment associated 
with successful CDI resolution through 8 weeks. In this phase 2 
trial, SER-109 was dosed at 1 × 108 spores based on equivalent 
clinical outcomes and week 8 engraftment measures observed 
between the phase 1 dosing cohorts. However, our integrated 
analysis of both trials revealed that (1) engraftment kinetics 
at week 1 were of greater importance for reducing rCDI than 
later time points, (2) week 1 engraftment was highly variable in 
phase 2 subjects, and (3) rapid engraftment was dependent on 
dose, which was clearly suboptimal in the phase 2 trial. Notably, 
in our phase 1 study, we observed a shift in the microbiome 
as early as 4 days postdosing with SER-109 [18]. We hypothe-
size that rapid engraftment of a microbiome therapeutic may be 
critical to efficacy since CDI recurrence usually occurs within 

P < .0001 P < .0001

Figure 5. Relationship of the engraftment of SER-109 species and concentration of secondary bile acids in the phase 2 study. In the phase 2 study, the number of SER-109 
species, assessed in both placebo and SER-109 subjects at week 1, was significantly correlated with the concentration (ng/mg DW of lyophilized samples) of secondary 
bile acids LCA and DCA. Spearman correlation significance and ρ are shown for each comparison. In the boxplots shown, samples were binned by number of dose-species 
detected. The concentration of LCA and DCA is shown on the y axis. Boxplots display the median (horizontal line), 25th and 75th percentiles of distribution (box edges), 
range of nonoutlier observations (whiskers), and outlier observations (dots; >1.5 times the interquartile range). Abbreviations: DCA, deoxycholic acid; DW, dry weight; LCA, 
lithocholic acid.

Figure 6. Relationship of engraftment of SER-109 species to dose administered 
in the phase 1 and phase 2 studies. Subjects receiving the high dose, as defined 
by SporQ (see Methods), in the open-label phase 1 dose-ranging study (SERES- 
001) had significantly more SER-109 species than subjects in the treatment arm of 
the phase 2 study (SERES-004), who received a fixed dose (wk1; P < .0001, Mann-
Whitney U test). The number of SER-109 species was not significantly different 
between subjects receiving the low dose in the phase 1 trial and subjects receiving 
the fixed dose in the phase 2 trial (Mann-Whitney U test). The number of SER-109 
species stratified by treatment and time point is shown; dots represent outliers. 
Sample sizes are shown below the x axis. ***P < .0001. Abbreviations: BL, base-
line; ns, nonsignificant; wk1, week 1.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa387#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa387#supplementary-data
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1–3 weeks of antibiotic discontinuation, the “window of vulner-
ability” [28, 29]. Consistent with this hypothesis, in the phase 
2 trial, greater engraftment of SER-109 species at week 1 was 
correlated with reduced CDI rates. This correlation was not 
previously appreciated due to the use of lower resolution 16S 
rRNA gene amplicon–based methods in the phase 1 study [18]. 
These observations highlight the potential importance of early 
engraftment, when speed is essential in preventing C. difficile 
spore germination and vegetative outgrowth.

We further sought to understand the impact of SER-109 en-
graftment on overall microbiome composition. As observed in 
the phase 1 study, dosing of this purified Firmicutes product 
also led to changes in non–dose-species, including increased 
abundance of Bacteroidetes, at the 8-week time point, sug-
gesting that SER-109 can promote broad compositional changes 
in the microbiome [18]. Reconstitution of Bacteroidetes was 
not associated with clinical outcome, suggesting it is not the 
primary driver of clinical resolution.

We hypothesize that SER-109 engraftment leads to important 
functional changes via key microbe-associated metabolites, which 
break the vicious cycle of rCDI. In our phase 2 study, we have shown 
that SER-109 engraftment enhanced microbe-associated conversion 
of primary to secondary BAs, a process limited to spore-forming 
Firmicutes. These BA metabolites inhibit spore germination and 
vegetative growth. Taken together, these data highlight the impor-
tance of evaluating microbiome pharmacokinetics (ie, engraftment 
of SER-109 species) and pharmacodynamics (ie, changes in microbe-
associated metabolites and overall microbiome changes) in parallel 
with assessment of clinical efficacy.

In our phase 2 study, use of PCR testing to determine eligibility 
and to diagnose recurrence may have attenuated the ability to define a 
therapeutic effect of SER-109. Infectious Diseases Society of America/
Society for Healthcare Epidemiology of America guidelines specifi-
cally recommend toxin testing for suspected recurrence since it has 
superior specificity and positive predictive value for true infection 
compared to PCR, which cannot differentiate infection from coloni-
zation [30, 31]. In addition, prolonged excretion of C. difficile occurs 
for months in a large proportion of patients with CDI after clinical 
resolution [32]. Thus, alternative etiologies for diarrheal symptoms 
can be missed if PCR testing is used without other clinical investi-
gation [33, 34]. The problem of CDI overdiagnosis by PCR has been 
highlighted in epidemiologic studies, observational clinical studies, 
and in the clinical trial setting [35–37]. Unfortunately, retesting of 
stool samples that led to qualification of study candidates was not 
feasible since those tests were performed at local laboratories, while 
specimens used for diagnosis of recurrence were limited by sample 
availability and stability, limiting firm conclusions.

We postulate that PCR had a greater positive predictive 
value among older subjects since the diagnostic perfor-
mance of any laboratory test is influenced by the population 
being sampled [38]. CDI is highly prevalent in the elderly, 
who are also at increased risk of recurrence [39, 40]. In con-
trast, other noninfectious etiologies for diarrhea are more 

prevalent in younger subjects, such as irritable bowel syn-
drome [41]. The marked difference in CDI risk between 
the 2 subgroups is well illustrated by the placebo arms, 
where a high recurrence rate of 80% was observed among 
those aged 65  years and older, compared with the unex-
pectedly low recurrence rate of 27% among those younger 
than 65  years. Interestingly, in a preplanned analysis, 
subjects 65 years and older had significantly lower rates of 
CDI recurrence on SER-109 compared with placebo, while 
those younger than 65  years derived no treatment benefit. 
We strongly suspect that universal toxin testing would have 
led to more accurate selection of study candidates, regard-
less of age, due to its high positive predictive value for true 
disease.

Toxin testing is required for the SER-109 phase 3 trial (A 
Phase 3 Multicenter, RandomizEd, Double Blind, Placebo-
COntrolled, Parallel-Group Study to Evaluate the Safety, 
Tolerability, and Efficacy of SER-109 vs. Placebo to Reduce 
Recurrence of ClOstRidium difficile Infection [CDI] in 
Adults Who Have Received Antibacterial Drug Treatment 
for Recurrent CDI [RCDI] [ECOSPOR III]) at study entry 
and at the time of suspected recurrence for optimal diag-
nostic accuracy. Notably, no published placebo-controlled 
FMT trial in rCDI has required toxin testing, which raises 
concerns about subject selection and estimates of efficacy 
[13, 42]. At the time of this manuscript submission, more 
than one-third of subjects entering ECOSPOR III with a 
history of presumptive rCDI have failed screening due to a 
negative toxin test, highlighting the importance of appro-
priate diagnostic methodologies.

Since we do not have certainty about the clinical diagnosis 
of all subjects, our analysis of compositional and functional 
changes by outcome may be prone to classification errors. 
However, the biological activity of SER-109 is directly sup-
ported by the relationship between SER-109 engraftment and 
change in secondary BA concentrations. Additionally, a post 
hoc analysis of the phase 2 study showed a decreased abun-
dance of antibiotic-resistance genes in association with SER-
109 engraftment [43]. These objective measures would not be 
impacted by CDI misclassification.

In conclusion, we propose that SER-109 expedites 
microbiome repair during the window of vulnerability, thereby 
limiting C. difficile spore germination and clinical recurrence. 
SER-109 engraftment and associated changes in BA concen-
trations provide insight into the mechanism of action of SER-
109, although broader metabolite analyses will be performed 
when the phase 3 trial is completed. Based on these results, a 
higher dose was selected for our phase 3 trial to optimize ef-
ficacy. Finally, the incorporation of toxin testing will allow ac-
curate assessment of efficacy and safety of this investigational 
microbiome agent [30, 37]. The lessons learned from these early 
studies of SER-109 have implications not only for microbiome 
therapeutics but for all CDI clinical trials [37].
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Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases on-
line. Consisting of data provided by the authors to benefit the reader, 
the posted materials are not copyedited and are the sole responsibility 
of the authors, so questions or comments should be addressed to the 
corresponding author.
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