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Abstract

Dysbiosis of the skin microbiota is increasingly implicated as a contributor to the pathogenesis

of atopic dermatitis (AD). We previously reported first-in-human safety and clinical activity
results from topical application of the commensal skin bacterium Roseomonas mucosa for the
treatment of AD in 10 adults and 5 children older than 9 years of age. Here, we examined the
potential mechanism of action of R. mucosa treatment and its impact on children with AD less
than 7 years of age, the most common age group for children with AD. In 15 children with

AD, R. mucosatreatment was associated with amelioration of disease severity, improvement in
epithelial barrier function, reduced Staphylococcus aureus burden on the skin, and a reduction

in topical steroid requirements without severe adverse events. Our observed response rates to 7.
mucosatreatment were greater than those seen in historical placebo control groups in prior AD
studies. Skin improvements and colonization by R. mucosa persisted for up to 8 months after
cessation of treatment. Analyses of cellular scratch assays and the MC903 mouse model of AD
suggested that production of sphingolipids by R. mucosa, cholinergic signaling, and flagellin
expression may have contributed to therapeutic impact through induction of a TNFR2-mediated
epithelial-to-mesenchymal transition. These results suggest that a randomized, placebo-controlled
trial of R. mucosatreatment in individuals with AD is warranted and implicate commensals in the
maintenance of the skin epithelial barrier.

INTRODUCTION

Atopic dermatitis (AD) is a common, allergic skin disease afflicting 5 to 25% of children
worldwide (1). Although multifactorial in etiology, studies of AD pathogenesis increasingly
implicate the commensal flora as a targetable contributor (2-5). The geographic distribution
of AD rashes (6) overlaps with the distribution of cutaneous Gram-negative bacteria in
healthy people (7) and individuals with AD have reduced carriage of Gram-negative bacteria
(8). In addition to dysbiosis (an imbalance of microbes in or on the body), the skin of

those with AD is deficient in sphingolipids (9, 10) and potential downstream antimicrobial
peptides (11), even in the absence of clinical symptoms. The sphingolipid pathway, which
includes sphingomyelins, ceramides, phospholipids, and arachidonic acid, has been directly
linked to AD through its importance in the control of Staphylococcus aureus, epithelial
barrier function, and immune regulation (9, 12, 13). On the basis of these reports, we
hypothesized that defects in Gram-negative bacterial lipid production could contribute to
AD. After modifying previous protocols for growing sphingolipid-producing bacteria (14),
we reported a method for systematic collection of culturable Gram-negative bacteria (15).
The most common species cultured from healthy volunteers was Roseomonas mucosa (3).
Isolates of R. mucosa collected from healthy volunteers (RmHV) improved outcomes in AD

Sci Transl Med. Author manuscript; available in PMC 2021 November 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Myles et al.

RESULTS

Page 3

murine and cell culture models (3). Isolates of R. mucosa collected from patients with AD
(RmAD) either had no effect or worsened outcomes in these models (3).

On the basis of these preclinical results, we initiated an open-label clinical trial and
previously reported that topical treatment with live 2mHV in sucrose solution was safe

and was associated with clinical improvement in 10 adult and 5 pediatric (ages 9 to 14)
individuals with AD (2). However, both mechanism of action and therapeutic impact of R.
mucosatreatment in young children with AD (under 7 years of age) remained unexplored.
Here, we describe clinical assessment of an expanded cohort of children as young as 3 years
of age with AD (expanded cohort, /7= 15; total pediatric cohort 7= 20; adult cohort, 7= 10;
tables S1 and S2). We provide mechanistic insights into /. mucosa activity associated with
lipid-mediated activation of tumor necrosis factor receptor 2 (TNFR2)-related tissue repair
pathways.

Clinical improvement in children with AD after R. mucosa treatment

Subsequent to the previously reported five patients with AD in our pediatric cohort (age

9 years or older) (2), we enrolled an additional 15 children with AD age 3 years or older
(tables S1 and S2). Ten children with AD in this expanded pediatric cohort were treated with
the previously described (2) dose escalation regimen of R. mucosa (Fig. 1A and fig. S1).
The final five enrollees received a dose of 10° colony-forming units (CFU) per body site

of R. mucosa for the entire 4 months of treatment (Fig. 1A and fig. S1). Patients or their
guardians applied R. mucosa in sucrose directly to the antecubital and popliteal fossae as
well as all other affected areas of the body. For both dosing strategies, R. mucosa treatment
was associated with improvements in standard measures of severity, such as SCORing
Atopic Dermatitis (SCORAD; mean improvement 64.3% for dose escalation and 69.4%
for 105 CFU per body site; Fig. 1, B and C) and the Eczema Area and Severity Index
(EASI; mean improvement 75.6% for dose escalation and 80.5% for 10° CFU per body
site; Fig. 1, D and E). Most of the patients met both our primary and secondary endpoints
at week 16: 85% (17 of 20) met our primary endpoint of a 50% reduction in SCORAD
(SCORADS50; Table 1); 90% met the secondary endpoint of a 50% reduction in EASI
(EASIS50); 70% achieved EASIT75, and 30% achieved EASI90 (Table 1). These response
rates were greater than those seen in placebo control groups of prior AD studies (fig. S2A)
(16-19) and were similar to response rates seen during open-label testing of the Food and
Drug Administration—approved topical drugs tacrolimus and crisaborole (20, 21).

R. mucosa treatment response was similar for patients with AD classified as mild (7=

11; EASI <7) or moderate-severe (17=9; EASI >7) upon enrollment (table S3). The
improvements associated with R. mucosa treatment persisted for up to 8 months after
treatment cessation. We observed residual mean improvements of 68.6 and 66.2% for
SCORAD and 80.1 and 81.9% for EASI for the dose escalation and 105 CFU per bodly site
cohorts, respectively (Fig. 1, B to E). R. mucosa treatment was associated with improvement
on all actively treated body sites, including the antecubital and popliteal fossae (Fig. 1, F and
G), the hands (Fig. 1H), neck (Fig. 11), and trunk (Fig. 1J).
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R. mucosa treatment was well tolerated and associated with improvements in AD-related

features

R. mucosa treatment was associated with improvements in measurements related to AD.
Epithelial barrier function improved in children with AD treated with R. mucosa as well as
in cell culture models of epithelial physiology (Fig. 2A and fig. S2B). We observed a 14%
mean reduction in trans-epidermal water loss (TEWL) in the skin of children with AD after
treatment (Fig. 2A). We also observed improvements in trans-epidermal electrical resistance
(a measure of epithelial barrier integrity) in full-thickness skin equivalents, an established
skin epithelial model (22) comprising fibroblasts and keratinocytes that recapitulates the
morphology and physiology of skin (fig. S2B). Treatment with R. mucosa was associated
with additional improved measures: a 91.4% reduction in median and a 67.7% reduction

in mean use of topical steroids (Fig. 2, B and C); a 60.5% reduction in pruritus (Fig. 2D);
and improvement in the dermatology quality of life index for both the children (52%) and
their families (58.4%; Fig. 2, E and F). As with the clinical measures, these improvements
persisted for up to 8 months after cessation of R. mucosatreatment.

One report of self-limited pruritus at the application site was the only adverse event causally
related to R. mucosatherapy (table S4). Treatment emergent events (reported at the time

of treatment but not related to treatment) included two reports of viral upper respiratory
infections, one diagnosis of hand, foot, and mouth disease coincident with a documented
regional outbreak (23), and three mild AD flares after unintentional consumption of known
food allergens (table S4).

R. mucosa treatment is associated with modest shifts in skin microbiota diversity

Similar to our prior reports (2), R. mucosa treatment was associated with a reduction in the
culturable yield of S. aureus (mean reduction of 9.2 x 102 CFU/6.5cm? for dose escalation,
4.8 x 108 CFU/6.5cm? for the 105 CFU per bodly site dosing; 98.3% median reduction;
P=0.08) and a 98.7% reduction in the median ratio of S. aureus to coagulase-negative
Staphylococci (Fig. 3A and fig. S2C; P=0.09). However, prior failures of topical or oral
antibiotics to provide lasting clinical benefit in AD (24) suggested that S. aureus reduction
was unlikely to be the primary mechanism of benefit.

16 Sribosomal RNA (rRNA) sequencing demonstrated that R. mucosa treatment was
associated with modest changes in overall skin microbiota composition. This was indicated
by the following: a reduction in the abundance of Staphylococcaceae (Fig. 3, B and C); an
increase in the abundance of Alphaproteobacteria, the taxonomic class containing R. mucosa
(Fig. 3, B and D); and an increase in the Shannon diversity index (Fig. 3E). Together,

these changes suggested a shift toward a health-associated skin microbiota (8). Skin cultures
suggested colonization with /. mucosa for up to 8 months after treatment (Fig. 3F). To
assess whether R. mucosa cultured months after treatment cessation was due to colonization
with therapeutic isolates, primers capable of identifying each of the three RmHV treatment
strains were derived. These primers demonstrated strain-specific polymerase chain reaction
(PCR) signals that varied by treatment duration, body site, and dosing strategy (Fig. 3, G and
H, and fig. S2, D and E). PCR signal strength did not correlate with clinical improvement
(fig. S2, F and G); however, these primers were semiquantitative and may have been
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influenced by differences in timing between skin sampling and previous R. mucosa dose.
The amount of R. mucosa colonization indicated by PCR (Fig. 3, G and H) was similar to
the culture yields from patients with AD after treatment (Fig. 3F) and healthy controls (25).

R. mucosa treatment is associated with alterations in TNF-related pathways

Serum cytokine measurements were consistent with anti-inflammatory outcomes (fig. S3),
including reductions in tumor necrosis factor-a. (TNFa) (fig. S3A) and interleukin-13
(IL-13) (fig. S3B). Changes in SCORAD were statistically associated with the percent
change in TNFa concentrations as well as its downstream mediators (26, 27), hepatocyte
growth factor (HGF) and IL-8 (CXCLS; Fig. 4A). Similar to prior reports (28), serum
concentrations of thymus- and activation-regulated chemokine (TARC, CCL17) were also
predictive of clinical response (Fig. 4A and fig. S3C; % change TARC/% change EASI

= correlation 0.75; £< 0.0001). Additional mechanistic evaluations involved stimulation
of primary cell monolayer cultures of human fibroblasts, hair follicle epithelial stem cells,
keratinocytes, and dendritic cells with RmHV, RmAD, S. aureus isolated from individuals
with AD, or coagulase-negative Staphylococciisolated from healthy volunteers. Focusing
on the differential impact of RmHV versus RmAD across the different cell types, we found
that RmHV preferentially activated TNF and related downstream mediators: transforming
growth factor— (TGFB), TNF superfamily 10 (TRAIL), and the HGF receptor c-Met
(Fig. 4, B to E, and fig. S4, A to D). Pathway analysis suggested that these effects
operated via the transcription factors nuclear factor xB (NFxB) and signal transducer

and activator of transcription 3 (Stat3; Fig. 4E and fig. S4B). The predicted functional
consequences of cell stimulation by RmHV were activation of epithelial cell migration
and proliferation related to an epithelial-to-mesenchymal transition (EMT; fig. S4, A and
B). In contrast, coagulase-negative Staphylococci stimulation primarily affected protein
metabolism pathways (fig. S4E). Top upstream regulators that distinguished coagulase-
negative Staphylococcistimulation from S. aureus stimulation included type | interferon
inhibition in fibroblasts and keratinocytes as well as £/RBBZ2 activation in dendritic cells (fig.
S4F).

Reanalysis of published positive Genome Wide Association Studies (GWAS) associations
with AD (29) indicated STA73and NFxB-centric nodes linked by TNF and the TNF
receptors, TNFR1 and TNFR2 (fig. S5A). However, unlike the serum cytokine data, RmHV
did not affect supernatant accumulation of TNFa in cultured epithelial cells, dendritic cells,
or CD4/CD8 T cells (fig. S5B). Furthermore, TNF, TNFR1, and TNFR2 transcripts were not
affected by R. mucosatreatment (Fig. 4, B to D).

R. mucosa activity in cellular and mouse models depends on TNFR2 signaling

The cellular scratch assay is an established functional assay for assessing tissue repair and
EMT-mediated epithelial cell proliferation and migration (30, 31). In this assay, confluent
cultures of epithelial cells are “scratched” with a sterile pipette tip (fig. S1). The resultant
polarization induces epithelial cells to fill in the created space through NFxB-mediated (32)
and STAT3-mediated (30) proliferation and migration governed by TGFp (33). Incubation
of cultured keratinocytes and fibroblasts with £mHYV but not RKmAD enhanced outcomes

in these scratch assay cultures (Fig. 5, A to C). The addition of mitomycin C (an inhibitor
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of cellular proliferation) reduced the efficacy of #mHV in the cellular scratch assay for
keratinocytes but not fibroblasts (fig. S5C). For both cell types, the effect of RmHV was
negated by blockade of TNFR2 and CXCR2 (IL-8R), but not TGFPR1 to TGFPR3 or c-Met
(Fig. 5D).

Therapeutic responses to R. mucosa in the MC903 mouse model of chemically induced
AD-like dermatitis (fig. S1) were also dependent on TNF-related pathways. The chemical
MC903 was applied to mouse ears for 10 days, and then the animals received R. mucosa
treatment or diluent control for 3 days after which mouse ear thickness, redness, and
histology were scored. Diluent-treated control mice exhibited substantial epidermal hyper-
keratosis and hyperplasia, as well as intracorneal cellular infiltrates that were consistent
with serocellular crusting (inflammatory cells within thick keratin layers) and inflammatory
expansion and infiltration of the underlying dermal stroma (Fig. 5, E and F). In wild-type
mice, AmHV treatment resulted in normalization of epidermal thickness and minimal
cellular infiltration of the superficial keratin layer (stratum corneum) and the underlying
dermis (Fig. 5, E and F). Furthermore, RmHV treatment induced transcription of the EMT
marker vimentin as well as the central EMT-regulator Snaill (fig. S5D), both known to

be directly modulated by TNFa. (30, 34). In contrast to its effects in wild-type mice,

R. mucosatreatment failed to improve outcomes in TNFR2-deficient mice, dual-TNF
receptor—deficient mice (Fig. 5, E and F, and fig. S6A), or CXCR2-deficient mice (Fig.

5G and fig. S6B). Furthermore, R. mucosa treatment resulted in poorer outcomes in TNFR1-
deficient mice and resulted in increased epidermal thickening or hyperplasia (Fig. 5, E and
F), suggesting possible unchecked activation of TNFR2 or other mechanisms. MC903 mice
deficient in NFxB (fig. S6, C to E) and mice with a transgenic insertion that mimics human
STAT3 deficiency (a monogenic primary immune deficiency with an eczematous phenotype;
mutant Stat3) demonstrated reduced inflammatory responses (fig. S6, F to H).

Glycerophospholipid production by R. mucosa influences TNFR2 signaling

To elucidate the microbial mechanisms responsible for the suggested induction of the
TNF-IL8 signaling axis, we performed comparative transcriptomic (fig. S7A), differential
metabolomic (Fig. 6A), and quantitative enzymatic (Fig. 6B) comparisons of three

RmHV and three RmAD isolates (fig. S1). All three analyses identified differences in
glycerophospholipid production between the RmHV and RmAD isolates. Consistent with
reports demonstrating that glycerophospholipids influence EMT (35) and TNF signaling
(26), crude lipid extracts from the RmHV isolates improved cellular scratch assay outcomes
in a TNFR2-dependent manner (Fig. 6C). Similarly, pretreatment of KmHV with 1% lipase
from Candlida spp. negated therapeutic outcomes in the MC903 mouse model (Fig. 6D)
without influencing bacterial growth kinetics (fig. S7B).

Glycerophospholipids that contain choline have been linked directly to AD by skin
lipidomics (36) and indirectly through the clinical benefits of topical ceramides and coconut
oil (10). In enzymatic assays, all KmHV isolates trended toward greater acetylcholine
content (Fig. 6E). Consistent with prior reports (37), cholinergic stimulation enhanced
epithelial repair in the cellular scratch assay that was partially dependent on TNFR2 (Fig.
6F). Scratch assay activity of crude lipid extracts (Fig. 6G) or whole RmHYV isolates
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(Fig. 6H) was reduced by pretreatment with mecamylamine, an antagonist of the nicotinic
acetylcholine receptor (nAChR), but not atropine, an antimuscarinic drug. Furthermore,
suspending R. mucosa in mecamylamine (Fig. 6, | and J) or genetic deletion of NnAChRa7
(Fig. 6K) abolished the therapeutic effects of ~. mucosain our MC903 murine model of
AD. The ability of 1% lipase to negate RmHV activity (Fig. 6D) suggested that intact lipid
residues may be required for a therapeutic effect, rather than the free choline liberated by
lipase. Metabolomic analysis of antecubital tape strips collected from 14 patients before and
after treatment with R. mucosa demonstrated an increase in sphingomyelin and related lipids
(Fig. 6L and fig. S8) and suggested altered arachidonic acid metabolism in the skin after ~.
mucosatreatment (Fig. 6M).

In mice, direct links between the nAChR and serotonin have been described (38).
Tryptophan metabolism differentiating RmHV from RmAD isolates (Fig. 6A) suggested
possible additional neuromodulation of AD (39) and EMT via the serotonergic 5-HT»
receptor (40). However, blockade of the 5-HT receptor failed to affect our cellular scratch
assay or MC903 mouse model (fig. S9, A and B) (41).

of TNF activity by R. mucosa is influenced by Toll-like receptor 5

Lipid extracts from RmHV enhanced epithelial coverage (Figs. 6C and 7A) but were

unable to rescue deleterious effects of #mAD in the cellular scratch assay (Fig. 7A).

In addition, despite shared lipid profiles, one of the three treatment strains (designated
RmHV3) provided only partial benefit in the MC903 mouse model (Fig. 7B) and no benefit
in the cellular scratch assay (Fig. 7C). To identify other potential mechanisms that may
have modulated the beneficial effects of RmHV treatment, we compared the transcriptional
profiles of RmHV1 and RmHV2 with all other isolates. We found reduced expression of
transcripts encoding proteins associated with the flagella or chemotaxis (Fig. 7D and fig.
S10) in these beneficial KmHYV strains, which correlated with reduced bacterial migration in
a functional motility assay (Fig. 7E).

Toll-like receptor 5 (TLRS5), the innate receptor for the flagellar protein flagellin, was
suppressed by #mAD in fibroblasts (Fig. 4, C and D) and has been reported to influence
allergic disease (42) as well as the induction of EMT by TNF (43). Consistent with a role
for flagellin-TLRS5 interactions, improved cellular scratch assay outcomes with RmHV1
and RmHV2 were abrogated by blockade of TLR5 (Fig. 7C) but not TLR2 or TLR4 (Fig.
7F). Recombinant flagellin demonstrated dose-dependent effects on cellular scratch assay
outcomes that were TNFR2 dependent (Fig. 7, G and H). MC903-treated mice deficient in
TLRS5 (Fig. 7, | and J) or its downstream component MyD88 (Fig. 7K) did not respond

to R. mucosa treatment. MC903-treated TLR4-deficient mice showed reduced ear thickness
after R. mucosatreatment, and MC903-treated TLR2-deficient mice showed reduced disease
severity (Fig. 7, I and J). The crude lipid fraction combined with recombinant flagellin

and a synthetic cholinomimetic failed to provide benefit in MC903-treated mice (Fig. 7L),
and coadministration of either 1% lipase or mecamylamine removed the residual benefit of
RmHV3 treatment (Fig. 7, M to O).
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DISCUSSION

This early, open-label study was designed to evaluate whether the safety and activity of

R. mucosatreatment could justify progression to a large, randomized, placebo-controlled
clinical trial. In addition to encouraging safety and tolerability data, we found consistent
patterns of improvement on several clinical measures in 15 children with AD treated with
R. mucosa. \We compared our results to data from historical cohorts cautiously. Our sucrose
vehicle would not be expected to have placebo activity beyond the well-established rate of
10 to 30% (16-19), suggesting that our open-label results predict a favorable outcome in a
future randomized, placebo-controlled, multisite trial.

Reports describing R. mucosa as an opportunistic pathobiont isolated from blood cultures
and catheters (44) predated our discovery that /. mucosa could be a normal skin commensal
capable of contaminating the cutaneous collection site (3, 15). Coisolation of R. mucosa
with quintessential catheter pathogens like S. aureus in these studies additionally suggested
a low virulence potential for R. mucosa given the recognized pathogenic potential of

S. aureus. Safety claims for R. mucosa are further supported by the failure of RmHV

to generate notable pathology or infection after direct inoculation into the eyes, lungs,
stomach, and veins of mice, in contrast to the morbidity and mortality seen with other skin
commensals from healthy volunteers (3, 25). Thus, R. mucosa has yet to fulfill Koch’s
postulates for defining agents that cause infectious diseases. Instead, /. mucosa may fulfill
the newly termed “commensal Koch’s postulates” given that the strains used in this study
have been associated with health, have been grown in pure culture, may ameliorate disease,
and can be reisolated from treated patients (45).

Our mechanistic experiments suggested that the EMT known to contribute to epithelial
homeostasis could be regulated by the microbiota present at epithelial surfaces and mediated
by TNF signaling via IL-8, TLR5, and the nAChR (fig. S11). Our current results expand on
our prior study that identified TNF-associated defects in EMT in patients with monogenic
skin diseases due to STAT3 deficiency (30) and suggest a role for microbiota-mediated,
TNF-induced EMT in common presentations of AD. These findings are also consistent
with other studies showing sphingolipids associated with manifestations of AD including
the following: direct suppression of S. aureus (9-11, 13, 36, 46); differential impact on
allergic sensitization between TNFR1 and TNFR2 (47); atopic consequences associated
with TLR5 activation (42); transcriptomic correlation between AD severity and keratinocyte
differentiation (48); and EMT abnormalities underlying asthma, allergic rhinitis, and
eosinophilic esophagitis (49). Our data are also consistent with reports showing that nAChR
signaling influences AD, enhances skin barrier function, modulates TNF, and induces EMT
(50-52). Failure of 5-HT receptor blockade to affect our mouse or cell models (fig. S9, A
and B) is consistent with reports that its modulation of TNF activity is limited to TNFR1
(41). Given that S. aureus—derived protein A directly activates TNFR1 (53), R. mucosa may
also modulate TNF signaling through S. aureus suppression.

Although our findings suggest that activation of EMT-related pathways through bacterial
lipids may be beneficial in the treatment of established AD, further work is needed to
demonstrate that EMT is involved in AD pathogenesis. Whereas the current literature on
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EMT understandably focuses on its role in neoplastic metastasis, it is an essential pathway
for the renewal of epithelial tissues that are subjected to constant environmental insults.
EMT has been associated with reduced barrier function in monolayer cultures of gingival
cells (54). The effects of EMT on full-thickness epithelial tissue repair and differentiation
may underlie RmHV-associated enhancement of the epithelial barrier reported in mice (3), in
full-thickness skin equivalents (fig. S2B), and in children with AD (Fig. 2A).

Our finding that a proinflammatory cytokine TNFa paradoxically may be beneficial in

AD highlights the complexity of TNFa signaling. Most studies focus on soluble TNFa in
serum, but TNF also exists in a membrane-bound form that can serve as both a signaling
ligand for adjacent cells and a receptor for the cell expressing it (44). Neutralization of
soluble TNFa can be anti-inflammatory when treating rheumatological diseases such as
psoriasis, but loss of soluble TNFa through genetic deletion of ADAM17 (the enzyme that
solubilizes membrane-bound TNFa.) leads to spontaneous dysbiotic eczematous dermatitis
in mice (5). TNF activity is also dependent on the signaling balance between TNFR1 and
TNFR2. TNFR1 is central to the induction of cellular death pathways, whereas TNFR2 is a
key mediator of EMT and cell proliferation (55). Both receptors are involved in antibacterial
responses and inflammation (44). Results in our MC903 mouse model indicate that neither
TNFR1 nor TNFR2 was required for chemically induced dermatitis, yet both receptors
were required for therapeutic responses to KmHV (Fig. 5, E and F). More recently, TNFR2
signaling was shown to be required for the proliferation, differentiation, and function of
induced peripheral T regulatory cells (56). Furthermore, TNF-associated induction of EMT
is cell type dependent and exhibits a hormetic dose-response curve (30). Our current results
suggest that select TNF pathways are also dependent on costimulation of TLR5 and the
nAChr,

Previous reports suggest that TARC could be a marker of improvement in AD and may
connect TNF-mediated mechanisms with observed reductions in serum IL-13 (fig. S3, A to
C) (28). Early reports suggested that TNF may induce TARC (57), but more recent studies
suggest that the balance between TNFR1 and TNFR2 activation influences the impact of
TNF signaling on TARC and IL-13 (58). Changes in serum cytokine concentrations in our
study indicated that R. mucosa treatment exerted systemic effects (Fig. 4A and fig. S3), but
the failure to affect serum IgE or eosinophilia (table S2) suggested that either £mHV cannot
reverse established atopy or that a longer treatment is required.

There are a number of limitations to our study. The primary limitation is the small, open-
label design relying on historical placebo control data. Our mechanistic findings are limited
by the muted inflammatory response to MC903-induced dermatitis observed in NFxB ™/~
mutStat3, and TLR27/~ mice, which restricts assessment of the contribution of these specific
pathways to RmHV activity. Furthermore, we were unable to directly assess EMT pathways
in the children with AD undergoing R. mucosa treatment because the invasive skin biopsies
required would be unlikely to meet ethical guidelines for pediatric cohorts. However, our
molecular annotations of the tape strips collected from children after R. mucosa treatment
suggested that similar pathways to those identified in our MC903 mouse model were
involved. Future mechanistic insights could be derived from metagenomic analysis of gut
commensals, skin bacteria, and lipid-dependent skin fungi that are associated with allergic
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disease (59-61). Insights could also come from evaluation of changes in peripheral and skin
resident T cells, testing for RmHV activity in additional mouse models of AD (62), and
comparative genomics of #mHV and ”mAD isolates. Furthermore, screening patients for
genetic modifiers of AD such as filaggrin (63) may elucidate why some patients did not
respond to treatment despite achieving colonization with R. mucosa.

Prior reports have established that adrenergic signaling inhibits EMT (64), chronic stress is
a risk factor for atopy (65), and AD is associated with elevated catecholamine degradation
(66). Thus, the differences in tyrosine metabolism between RmHV and RmAD isolates (Fig.
6A) as well as the change in tyrosine metabolism identified in the tape strips collected

from children treated with R. mucosa (Fig. 6M) suggest a possible role for tyrosine-derived
catecholamines in RmHV activity. Potential reductions in catecholamines could modulate
therapeutic responses by influencing the complex balance between optimal TLR5 activation
by flagellin and nAChR activation by bacterial lipids in the potentiation of TNFR2 signaling
(67). Each of these pathways may exert some protection as seen in our in vitro models, but
the lipase sensitivity of the /. mucosaisolates tested in our MC903 mouse model suggests
that a lipid-mediated mechanism requiring live R. mucosa colonization may be needed for
therapeutic benefit. Screening other Gram-negative commensals, including additional 7.
mucosa strains from healthy volunteers, for similar metabolite profiles may help to elucidate
other microbial mediators of R. mucosa’s beneficial effects.

Achieving clinical benefits from live biotherapeutic products may require changes to
conventional drug development processes. The traditional expectations of dose-response
data may not apply to live biotherapeutic products that can expand or contract to fit

a biological niche and that may be subject to quorum-mediated effects. In addition,
current pharmaceutical metabolite synthesis may be incompatible with some microbial
physiology. Efficacy of extracted lipid metabolites from RmHV might be enhanced by
micelle optimization or chemical stabilizers, but intermittent topical lipid application may
not be able to replicate the benefits of long-term colonization by R. mucosa. Our study,
although limited by its small size and open-label design, suggests that a larger randomized,
placebo-controlled clinical trial is warranted. Our findings also should prompt further
investigation into the impact of microbes on EMT as well as potential TNF-associated
deficits that may alter the skin microbiota.

MATERIALS AND METHODS

Study design

The objective of our mechanistic work in mice and in cellular scratch assays was to evaluate
pathways through which R. mucosa from healthy volunteers (RmHV) may provide benefit in
the MC903 mouse model of AD. All murine experiments were done in compliance with the
guidelines of the National Institute of Allergy and Infectious Disease (NIAID) Institutional
Animal Care and Use Committee.

Our primary clinical objective was to assess the safety of topical treatment with .
mucosain 21 children with AD age 3 years or older and to examine potential beneficial
effects exceeding those reported in historical placebo control cohorts. The study was non-
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randomized and open label. Patients were recruited and enrolled at the National Institutes
of Health (NIH) under clinical trial no. NCT03018275 after approval from the NIAID
institutional review board. All participants or their guardians provided informed consent
before their participation in the study. For this study, 16 children with AD were enrolled
(ages 3 to 17 years), 1 withdrew before treatment, and 15 were treated with live, topical ~.
mucosatwice weekly for 3 months, then every other day for an additional month, followed
by a 4- to 12-month washout period. Assessments of clinical severity, epithelial barrier
function, skin microbiota in the antecubital and popliteal fossae, and metabolomics analysis
of tape strips from the antecubital fossae were performed.

Statistical comparisons were made against historical placebo controls achieving 30% or less
on SCORADA50 as described previously (2). EASI scores were calculated as previously
described (68). The study enrolled a total of 10 adults (patients 1.01 to 1.10) and 21 children
(2.01 to 2.21). Patient 2.08 withdrew from the study before the week 4 visit and thus was
not presented in any analysis. In this study, data for SCORAD, TEWL, pruritus, steroid

use, family daily life quality index (FDLQI)/children daily life quality index (CDLQI), and
the ratio of S. aureusto coagulase-negative Staphylococciincluded all pediatric participants
that completed the study (2.01 to 2.07 and 2.09 to 2.21). All adult participant data and
clinical data from patients 2.01 to 2.05 were presented previously (2). Adult participant

data are presented in tables S3 and S4 for comparison only. All clinical data, with the
addition of EASI, included all pediatric patients who completed the protocol. 16 SrRNA and
reverse transcription quantitative PCR (RTqPCR) analyses for specific £mHV identification
included all pediatric patients who completed the protocol. Tape strip data were collected
from patients 2.07 and 2.09 to 2.21. Serum cytokines were assessed on frozen serum
samples from weeks 0 and 16 using a multiplex kit per manufacturer’s instructions (Bio-
Rad).

Skin microbiota evaluation

16 S bacterial microbiome assessment was performed by Admera Health (South Plainfield,
NJ) as arranged through Science Exchange (Palo Alto, CA). For patients 2.01 to 2.05,
genomic DNA was isolated using Qiagen QlAamp DNA mini kit per manufacturer’s
instructions (Qiagen, Hilden, Germany). Up to 15 ng of isolated genomic DNA was used to
amplify via PCR with proprietary primers (Admera Health) covering hypervariable regions
V3 and V4. Primer selection and design were chosen to achieve comprehensive taxonomic
coverage, elimination of spike-in to gain maximal data. Data analysis was performed

using lllumina 16S Metagenomics app, which performs taxonomic classification with the
Greengenes database.

Metabolomics

Bacterial metabolomics were performed as previously described (2). Data were exported
from Elements (Proteome Software, Portland, OR) into MetaboAnalyst (McGill University,
Toronto, Canada) and uploaded under mass/charge ratio (/7/2) to pathway analysis for
Pseudomonas. Host metabolomics were performed by applying two sequential D-squame
tape strips (Eurofins, Luxembourg) to the patient’s antecubital fossa of the dominant hand.
The second strip was taken from directly under the first to assess two layers. Samples
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were frozen at —=70°C until extracted with 900 pl of methanol and processed in an identical
fashion as the bacterial metabolites. Raw-file /77/z results were loaded into MetaboAnalyst
mlzto pathway analysis. Annotations for metabolites deemed significantly different after
versus before treatment under paired analysis annotated by METLIN (Scripps, La Jolla,
CA), LIPID MAPS (lipidmaps.org), and MetaboAnalyst.

Cell culture studies

Primary human fibroblasts were a gift from M. Boehm (National Cancer Institute,
Bethesda, MD). Primary human keratinocytes were collected and cultured as previously
described (69). Ninety-six—well plate scratch cultures using fibroblasts were coated
overnight with rat tail collagen (Roche, Basel, Switzerland) at 4°C. Dendritic cells were
cultured and stimulated as previously described (70, 71). Human epithelial follicle stem
cells were purchased from Celprogen (Torrance, CA) and cultured under manufacturer’s
recommendations. Epithelial stem cells were stimulated in an identical manner to fibroblast
and keratinocyte cultures. Scratch assay for both keratinocytes and fibroblasts were
performed as previously described (30) using a multiplicity of infection of 1 for all
experiments.

Mouse studies

The MC903 model was performed as previously described (2) using 108 total CFU/ear of

R. mucosa. Briefly, mice were treated with MC903 topically on each ear daily for 8 days.

R. mucosa or metabolite treatment was applied daily for 3 days after MC903. Wild-type
C57BL/6, Balbc/d, NFxB~/~ (JAX06097), mutStat3 (JAX27952), TNFR1™/~ (JAX3242),
TNFR27/~ (JAX03246), TNFRAKO (JAX03243), TLR27/~ (JAX04650), CXCR27/~
(JAX02724), TLR5™/~ (JAX28909), C3H (JAX00661), NnAChRa.7~/~ (JAX03232), and
MyD88™/~ (JAX09088) were purchased from Jackson Laboratories (Bar Harbor, ME). Ear
homogenization, RNA extraction, and quantitative PCR (qPCR) analysis were performed

as previously described (30). For select experiments R. mucosa was suspended in Hanks’
balanced salt solution (HBSS; Life Technologies, Grand Island, NY) containing a final
concentration of 5 UM mecamylamine or atropine (Sigma-Aldrich), carbachol at a final
concentration 1 pM, or 100 nM ketaserin (Sigma-Aldrich). Recombinant flagellin (FLA-BS
Ultrapure; InvivoGen) was applied to mouse ears at a final concentration of 100 ng per

ear in HBSS. When flagellin and/or carbachol were combined with mHV lipid fractions,
final concentrations were maintained by diluting carbachol and/or flagellin into ethanol
containing the lipid fraction for a final concentration of 80% ethanol. For select experiments,
R. mucosawas cultured in R2A broth (Teknova, Hollister, CA) containing 1% lipase (v/v)
from Candida spp. (Sigma-Aldrich). After pelleting, R. mucosa was suspended in HBSS and
lipase was again added for a final concentration of 1% before application.

Statistical analysis

To determine statistical significance, unpaired ztest, paired #test, Mann-Whitney Utest, or
one-way analysis of variance (ANOVA) with multiple-comparison corrections were applied
using GraphPad Prism 8 software (San Diego, CA). Data are presented as the means + SEM.
A Pvalue of less than 0.05 was considered significant.
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Fig. 1. Topical R. mucosa treatment is associated with clinical improvement.
(A) Summary of dosing strategy for R. mucosa including dose escalation (Dose Esc) and the

maximum dose of 10° colony-forming units (CFU) per body site. BIW, twice weekly; QOD,
every other day. (B) Mean SCORAD values (red solid line represents Dose Esc, 7= 15;

red dashed line represents 10° CFU/bodly site dose, /7= 5) and individual SCORAD values
(Ind, gray lines; n= 20) for patients with AD treated with R. mucosa. (C) % improvement
(means + SEM) on the SCORAD scale during R. mucosatreatment. (D) Mean EASI values
(red solid line represents Dose Esc, 7= 15; red dashed line represents 10° CFU/body site
dose, 7= 5) and individual EASI values (Ind, gray lines; 7= 20) for patients with AD treated
with R. mucosa. (E) % improvement (means + SEM) on the EASI scale during R. mucosa
treatment. (B to E) Black asterisks indicate dose escalation cohort, and red asterisks indicate
10° CFU/body site dose. Y-axis dashed line (C and E) indicates improvements inconsistent
with the null hypothesis and primary endpoint target. (F to |) Representative photographs of
body sites for study participants with AD at enrollment (week 0, left) and after 16 weeks

of R. mucosatreatment (right) for the antecubital fossa (F), popliteal fossa (G), hands (H),
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neck (1), and trunk (J). *P< 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus
enrollment value by paired ANOVA with Dunnett correction.
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Fig. 2. Topical R. mucosa treatment is associated with improvementsin AD.
(A) Mean values for trans-epidermal water loss (TEWL) during R. mucosa treatment and

washout phase. (B and C) Median steroid cream applications per month for (B) over

the counter (OTC) and prescription (Rx) topical steroid treatments and (C) mean values
for combined steroid treatments [ = 16 for both (B) and (C)]. All topical steroid usage
was reported as stable for months to years before enrollment of all patients with AD.
Week 0 steroid usage reflects reported average steroid use over the 4 months before study
enrollment. (D) Mean pruritus scores and (E and F) quality of life indices for study
participants with AD treated with R. mucosa. (E and F) Children daily life quality index
(CDLQI) (E) and (F) family daily life quality index (FDLQI); higher numbers indicate
greater burden. Black asterisks are for dose escalation cohort, and red asterisks are for 10°
CFU/body site dose. *P< 0.05, **P< 0.01, ***P < 0.001 versus enrollment value by paired
ANOVA with Dunnett correction.
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Fig. 3. Topical R. mucosa treatment is associated with long-term skin colonization.
(A) Shown are median * interquartile range for relative abundance of S. aureus versus

coagulase-negative Staphylococciin the antecubital fossa (AC) of patients with AD treated
with R. mucosa at escalating doses (Dose Esc) or a 105 CFU/body site dose. (B) 165

rRNA sequencing of the skin microbiome in swabs from AC and popliteal fossa (PF) on
weeks 0 and 16 of dose escalation. Columns are labeled by patient enroliment number but
sorted by relative abundance of total Staphylococcaceae; black asterisks indicate patients
who did not respond to R. mucosatreatment. (C to E) Relative proportions of indicated

taxa (C and D) and Shannon diversity index (E) calculated from rRNA sequencing data

in (B) for skin swabs from the AC and PF fossae; open circles represent nonresponding
patients. (F) Culture-based enumeration of R. mucosa from antecubital and popliteal fossae
(AC and PF) for the first five pediatric patients treated with R. mucosa at week 0 (WkO0)

and at the washout visit (WO); open circles represent nonresponding patients. (G and H)
Colony-forming unit equivalents (CFUeq) of R. mucosa from healthy volunteers (RmHV)
measured by RTgPCR from skin swabs from AC (G) and PF (H) body sites (n7= 15 each)
are shown. Closed symbols represent the dose escalation cohort; open symbols represent the
105 CFU/body site dose cohort. *P< 0.05, **P< 0.01, and ***£< 0.001 by paired ANOVA
with Dunnett correction versus week 0 value unless indicated.
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Fig. 4. R. mucosa from healthy volunteer s activates epithelial cell migration and proliferation.
(A) Percent change measured by multiplex ELISA in serum concentrations of TNFa., IL-8,

HGF, and TARC before R. mucosatreatment (week 0) versus clinical improvement in
SCORAD values at week 16 (7= 14). (B) Heatmap indicates log, fold change (Log, FC)
in RNA sequencing (RNA-seq) transcript abundance for molecular targets and pathways
indicated by Ingenuity Pathway Analysis for primary human epithelial cell cultures after
24 hours of stimulation with mHV or RmAD. (C) Heatmap indicates log, fold change

in RNA-seq transcript abundance in primary human cell cultures of keratinocytes (KC),
fibroblasts (FB), dendritic cells (DC), and epithelial follicle stem cells (ESC) stimulated
for 24 hours with RmHV or RmAD. Color of target indicates greater (red) or lesser (blue)
RNA-seq transcript abundance after RmHV compared to RmAD stimulation. Red/positive
numbers indicate up-regulation of transcripts after mHV versus KmAD stimulation; blue
indicates down-regulation except for epithelial follicle stem cells, which was compared to
diluent control; dark gray blocks indicate transcripts that were not assessed. (D) RTqPCR
validation for select transcripts identified by RNA-seq in (C) in two experiments, each with
three replicates. (E) Upstream regulators determined by Ingenuity Pathway Analysis for
indicated cell types and combined cell types assessed after RmHV or RmAD stimulation.
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Fig. 5. R. mucosa activity was dependent on TNFR signaling.
(A) Shown are representative images of the area of cell coverage after a 24- to 36-hour

incubation of keratinocytes with RKmHV or RKmAD in a cellular scratch assay. White dashed
lines were digitally added to demarcate scratch borders. (B and C) Area of coverage for (B)
keratinocytes and (C) fibroblasts stimulated with RmHV or KmAD in a 96-well plate. Each
experiment was performed with one cell line in replicates indicated by individual dots. PBS,
phosphate-buffered saline. (D) Keratinocytes pre-treated for 2 hours with antibodies to the
indicated receptors or isotype control antibody were stimulated with mHV or RKmAD. (E)
Mean mouse ear thickness after a 10-day application of MC903 to induce dermatitis (day
10) and after treatment with diluent (sucrose) or RmHV (day 17) for wild-type mice (+) or
mice deficient (=) in TNFR1, TNFR2, or both TNF receptors. (F) Representative images

of mouse ear sections at day 17 after treatment with sucrose diluent control or RmHV
stained with hematoxylin and eosin (H&E). Black arrowheads indicate serocellular crusting
(inflammatory cells within the layers of thick keratin). Black asterisk indicates inflammatory
expansion and infiltration of the underlying dermal stroma. Scale bars, 100 pm. (G) Mean
mouse ear thickness after application of MC903 and induction of dermatitis (day 10) and
after treatment with sucrose diluent control or ”mHV (day 17) for wild-type mice (+) or
mice deficient (=) in CXCR2. Data are representative of two (E to G) or three or more (A
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to D) independent experiments and displayed as the means + SEM. NS, not significant. *P <
0.05, **P<0.01, and ***P < 0.001 determined by paired ANOVA with Dunnett correction.
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Fig. 6. Lipid mediators of potential R. mucosa activity are dependent on cholinergic signaling.
(A) Pathway analysis on all annotated features from metabolomics comparison of

RmHV and RmAD as determined by MetaboAnalyst. (B) Total phospholipid and
phosphatidylcholine quantitation by enzymatic assay are presented. tRNA, transfer RNA.
(C) Shown is coverage area in the cellular scratch assay for fibroblasts treated with an
aqueous (Aq) fraction or a lipid fraction extract of R. mucosa from healthy volunteers.
Fractions were treated with anti-TNFR1 (aR1), anti-TNFR2 (aR2), or isotype control (Iso)
antibodies. (D) Thickness of mouse ears in the MC903 mouse model treated with RmHV1
or RmHV2 in the presence or absence of 1% lipase from Candida spp. (E) Production

of acetylcholine in response to RmHV and RmAD isolates measured by enzymatic assay.
(F) Area of coverage for cultured fibroblasts in the cellular scratch assay in the presence

or absence of 1 nM carbachol or anti-TNFR2 (a TNFR2) antibody. (G) Area of coverage
for cultured fibroblasts in the cellular scratch assay treated with lipid fraction extracts

of RmHV or RmAD and 5 uM atropine or mecamylamine. (H) Mean coverage area for
fibroblasts and representative images with digitally added white dashed lines to indicate
scratch demarcation after stimulation with /. mucosa from healthy volunteers (RmHV) and
incubation with 5 pM atropine or mecamylamine. Individual dots represent experimental
replicates. (I and J) Mean mouse ear thickness (1) and representative images (J) for
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MC903-treated mice incubated with R. mucosaor 5 UM mecamylamine. (K) Mean mouse
ear thickness after treatment of MC903-treated wild-type or nAChRa. 7~ mice (lacking

the nicotinic acetylcholine receptor) with /mHV. (L) Volcano plot presents metabolite
differences in antecubital tape strips taken from patients with AD before and after treatment
with R. mucosa. Positive log, fold change (FC) represents increased detection of a given
metabolite in posttreatment samples. Metabolite differences are shown as nonsignificant
(blue) or significant by unpaired analysis (red) or paired analysis (green, annotated). (M)
MetaboAnalyst pathways for all metabolites taken from tape strips showing differences
before and after treatment with R. mucosa. Data are representative of two (B to H and K) or
three or more (I and J) independent experiments and are displayed as the means + SEM. *P
< 0.05, **P< 0.01, ***P< 0.001, and ****P < 0.0001 versus enroliment value by paired
ANOVA with Dunnett correction.
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Fig. 7. R. mucosa activity depends on TLR5 signaling.
(A) Area of coverage for cultured human fibroblasts stimulated with diluent, RmHV1, or

RmADL1, with or without addition of the lipid fraction of RKmHV1 to RmHV3 in the cellular
scratch assay. (B) Mean ear thickness for mice treated with R. mucosaisolates from RmHV1
to RmHV3 or RmAD is shown. Each dot represents an individual mouse. (C) Area of
coverage in the cellular scratch assay for human keratinocytes stimulated with ZmHV1 to
RmHV3 after 2 hours of preincubation with either anti-TLR5 (a TLR5) or isotype control
antibody. (D) RNA-seq normalized read counts for flagellin expression in R. mucosaisolates
are depicted. (E) Area of growth of RmHV and mAD in the motility agar assay is

shown; open circle indicates RmHV3. (F) Area of coverage in the cellular scratch assay

for human keratinocytes stimulated with mHV1 to RmHV3 after 2 hours of preincubation
with either anti-TLR2 (aTLR2), anti-TLR4 (aTLR4), or isotype control antibodies. (G)
Avrea of coverage is shown for fibroblasts stimulated overnight with recombinant flagellin
before scratch induction in the cellular scratch assay. (H) Area of coverage is shown for
fibroblasts stimulated overnight with recombinant flagellin and anti-TNFRZ, anti-TNFR2,

or isotype control antibodies in the cellular scratch assay. (I) Mean mouse ear thickness in
the MC903 mouse model after treatment of wild-type (WT), TLR5~, TLR4™/~ (C3H), or
TLR27~ mice with MC903. Dots represent individual mice. (J) Representative H&E-stained
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sections of MC903-treated mouse ears from the WT, TLR5™/~, TLR4~/~ (C3H), or TLR27/~
mice shown in (1). Scale bars, indicate 50 pm. (K) Mean mouse ear thickness after treatment
of WT or MyD88-deficient (M88; MyD88~/~) mice with MC903. (L) Shown is mean mouse
ear thickness in the MC903 mouse model after treatment of WT mice with either R. mucosa
or a mixture of 1 nM carbachol (CCh), mHV lipid extracts (Lipid), or 100 ng per ear

of recombinant flagellin (Flag). (M to O) Mean mouse ear thickness in MC903-treated

mice (M) and representative images (O) of mouse ears treated with diluent control (Dil) or
RmHV2 or RmHV3 with or without 1% lipase (+L) or 5 UM mecamylamine (+M). Dots
represent individual mice (B, I, and K to M) or replicate wells (A, C, and F to H). Data are
representative of two (D and E and | to K) or three or more independent experiments and
displayed as the means + SEM. *P< 0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001
versus enrollment value by paired ANOVA with Dunnett correction.
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Table 1.

Clinical improvements associated with R. mucosa treatment.

Page 29

Summary of clinical outcomes. SCORAD, EASI, and pruritus values for study participants are shown together
with rates of improvement.

SCORAD measures

Dose escalation n = 15

10° CFU/body sitedosen=5 Total n=20

SCORAD50 80.0% 100% 85%
SCORAD75 33.3% 40% 35%
Mean % improvement in SCORAD 64.3% 69.4% 65.6%
EASI measures

Mean baseline EASI score 7.2 9.5 7.8
Mean week 16 EASI score 1.3 1.8 1.4
Mean % improvement in EASI 75.6% 80.5% 76.8%
EASI50 86.7% 100.0% 90.0%
EASI75 66.7% 80.0% 70.0%
EASI90 40.0% 0.0% 30.0%
Pruritus measures

Mean baseline pruritus score 6.4 7.1 6.6
Mean week 16 pruritus score 2.3 3.4 2.6
Mean % improvement 59.7% 51.0% 57.6%
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