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W Check for updates

Bacteriophage (phage) therapy, which uses lytic viruses as antimicrobials,
isa potential strategy to address the antimicrobial resistance crisis.

Cystic fibrosis, a disease complicated by recurrent Pseudomonas aeruginosa
pulmonary infections, is an example of the clinical impact of antimicrobial

resistance. Here, using a personalized phage therapy strategy that selects
phages for a predicted evolutionary trade-off, nine adults with cystic fibrosis
(eight women and one man) of median age 32 (range 22-46) years were
treated with phages on a compassionate basis because their clinical course
was complicated by multidrug-resistant or pan-drug-resistant Pseudomonas
that was refractory to prior courses of standard antibiotics. The individuals
received anebulized cocktail or single-phage therapy without adverse
events. Five to 18 days after phage therapy, sputum Pseudomonas

decreased by amedian of 10* CFU ml™, or amean difference of

10’ CFU mlI™* (P=0.006, two-way analysis of variance with Dunnett’s
multiple-comparisons test), without altering sputum microbiome, and

an analysis of sputum Pseudomonas showed evidence of trade-offs that
decreased antibiotic resistance or bacterial virulence. In addition, an
improvement of 6% (median) and 8% (mean) predicted FEV, was observed
21-35 days after phage therapy (P = 0.004, Wilcoxon signed-rank t-test),
which may reflect the combined effects of decreased bacterial sputum
density and phage-driven trade-offs. These results show that a personalized,
nebulized phage therapy trade-off strategy may affect clinical and
microbiologic endpoints, which must be evaluated in larger clinical trials.

Therise of antimicrobial resistance (AMR) poses a serious global threat
to human health'. By 2050, AMR-induced mortality is projected to
overtake annual deaths caused by currently more common diseases
(forexample, cancer and diabetes) due to multidrug-resistant (MDR)
and increasingly pan-drug-resistant (PDR) bacterial infections’. The
ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aer-
uginosa and Enterobacter spp.) are particularly concerning because
they can present simultaneous resistance against multiple classes of

antibiotics’. Complications due to MDR and PDR pathogens are already
commonin people with cystic fibrosis (pwCF), whichis one of the most
common life-limiting monogenic diseases. The ESKAPE pathogen
P. aeruginosa (PsA) is the most prevalent pathogen in adult pwCF,
which significantly predicts disease morbidity and mortality®.
Thereis renewed interestin bacteriophage (phage) therapyasan
antibacterial strategy to treat MDR and PDR pathogens**. Lytic phages
are bacteria-specific viruses that replicate and kill (lyse) susceptible
bacteria to release progeny phages, which can act as self-amplifying
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‘drugs’ against infection(s)*°. However, bacteria use arange of defense
mechanisms to better resist phage infection’, which is a recognized
issue with phage therapy that has historically limited its potential
clinical utility. However, studies suggest that certain phages can kill
target bacteria while selecting for evolved resistance that coincides
with potentially clinically useful genetic trade-offs. In this case, bacteria
evolveresistance to phage(s) but suffer reduced performancein a path-
ogenicity trait (for example, antibiotic resensitization or decreased
virulence)*. Therefore, a phage therapy strategy that leverages such
a trade-off could result in improved clinical outcomes by decreasing
bacterial burden and by selecting for surviving bacterial mutants that
are less resistant to antibiotics or less virulent®.

Using environmentally sourced lytic phages without genetic
manipulation, we developed an approach to use phages that bind to
bacterial cell surface receptors that contribute to functional mecha-
nisms of antibiotic resistance or virulence (for example, efflux pumps,
lipopolysaccharide (LPS) and type-IV pili (TIVP))*.In addition to killing
target bacteria, these phages were chosen for their ability to predict-
ably select for surviving bacterial mutants with reduced antibiotic
resistance and/or attenuated virulence. For example, phage OMKO1
infects PsA and selects for evolved phage resistance that coincides with
reduced multidrug efflux (Mex) pump functionto achieve reduced anti-
biotic resistance’, a trade-off previously exploited in a clinical case of
phage therapy'. Using this approach, the current study also deployed
two additional lytic phages that bind to LPS (phage LPS-5) or to TIVP
(phage TIVP-H6), which drive evolved phage resistance trade-offs that
compromise bacterial virulence.

Here, we present outcomes from the first nine adult pwCF com-
passionate cases who were treated with nebulized phage(s) using the
above approach.

Results

Treatment protocol

This cohort of eight female and one male pwCF, median age 32 years
(range 22-46 years), were the first nine patients treated with compas-
sionate phage therapy because of MDR (seven patients) or PDR (two
patients) PsA that did not respond to standard cystic fibrosis (CF) thera-
pies (Table1). All patients had a clinical course complicated by frequent
pulmonary exacerbations despite oral, inhaled and/or intravenous (1V)
antibiotics without evidence of clinical benefit. When phage therapy
was initiated, all patients were concurrently on IV antibiotics (n=6)
or recently completed antibiotics (n = 3; Table 2). Some patients had
additional sputum pathogens (for example, Staphylococcus aureus,
Achromobacter spp. and nontuberculous mycobacteria; Table 1). At
the time of phage therapy, elexacaftor-tezacaftor-ivacaftor (Trikafta
or Kaftrio) was not available. Two individuals were taking tezacaftor-
ivacaftor (Symdeko or Symkevi; Table 1). Individuals were selected
for treatment owing to acombination of the following: lack of clinical
response to antibiotics, persistent symptoms and/or clinical decline
despite comprehensive CF care, severity of pulmonary exacerbations,
and no additional approved therapeutics available.

Phage therapy was personalized on the basis of susceptibility of
the PsA sputumisolates to phagesinthe phagelibrary (Table 2) at Yale’s
Center for Phage Biology and Therapy, which provided phages for all
participants. After suitable phage(s) wereidentified, a treatment pro-
tocol wasreviewed with each participant’s CF physician. This protocol,
phage manufacturing and the informed consent form were reviewed
andapprovedviaUS Food and Drug Administration (FDA) single patient
investigational new drug (SPIND) and local institutional review boards.
Each participants provided written informed consent.

Inhaled phage therapy was given twice daily forinpatients (n =4) or
daily for outpatients (n = 5) for 7-10 days. Inpatients were provided jet
nebulizers; outpatients used their own jet nebulizers (Table 2). Phages
were delivered as mixtures (cocktails) of two or three phages (n = 6)
or single-phage therapy (n=3; Table 2), administered at a total dose

Table 1| Demographics and clinical characteristics of
patients with CF

Number of patients
(N=9)

Age
18-30 6 (67%)
>30 3(33%)
Sex

Female/male

8 (89%)/1(11%)

Ethnicity
White 9 (100%)
Black/Hispanic/Asian/other 0
CFTR genotype
delF508/delF508 1(11%)
delF508/other® 7 (78%)
Other?/unknown 1(11%)
CF complications
Pancreatic insufficiency 9 (100%)
Low BMI (BMI: <22 female or <23 male) 8 (89%)
CF-related diabetes 6 (67%)
Allergic bronchopulmonary aspergillosis 2(22%)
FEV,%
30-69% 3(33%)
<30% 6 (67%)
Pulmonary exacerbations
>4 per year 9 (100%)
CF therapies
CFTR modulator
Ivacaftor 1(1%)
Tezacaftor-ivacaftor 2 (22%)
Elexacaftor-tezacaftor-ivacaftor 0
rDNAse (Pulmozyme) 8(89%)
Mucolytics 9 (100%)
Systemic steroids 2 (22%)
Inhaled antibiotics 9 (100%)
IV antibiotic courses in past 12months per patient 3.56 (32/9)
IV antibiotics during phage therapy 9 (100%)
Pseudomonas aeruginosa antibiotic resistance
MDR 9 (100%)
PDR 2(22%)
Other pathogens

Staphylococcus aureus MSSA/MRSA

2 (22%)/1 (%)

Achromobacter

2(22%)

Stenotrophomonas, Burkholderia

0

Mycobacterium avium complex

1(11%)

?Including c.1158G>T, 621+1G>T, CFTRdel2&3, G85E/Y913X, 3659delC, 3959delC, 3850-3T>G
and R75Q. Demographics and clinical characteristics of nine pwCF before bacteriophage
(phage) therapy. CFTR genetic mutations are characterized as delta F508 (delF508)
homozygous, heterozygous or other. Complications associated with CF, range of lung
function, number of pulmonary exacerbations (clinical deterioration treated with antibiotics)
and CF therapies are shown. The number of patients with MDR or PDR PsA are shown.
Additional CF sputum pathogens before therapy are reported; after therapy, there was no
change in these pathogens based on clinical laboratory sputum cultures.
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Table 2 | Personalized phage therapy

Patient Design Phage Phage sensitivity Antibiotics Nebulizer CFUmL™ ppFEV,
Pre Post Pre Post Pre Post (14 Post (30 Pre Post
days) days)
OMKO1 000 000
. Levofloxacin®, 5 5 o o
1 Cocktail TIVP-H6 000 000 colistin (IV)? None PARI 4.6 x10 5.5x10 NA 7% 77%
LPS-5 000 000
z
2 Single TIVP-H6 0000 ocee Piperacillin- None Hudson RCl filtered; 2.3x10"  4.0x10° 2.0x10* 21% 23%
tazobactam?® ISO-Neb; PARI;
DeVilbiss 5650D
z
OMKO1 OO0 cee
. i Meropenem?, 7 2 o o
3 Cocktail TIVP-H6 000 000 colistin (IV)° None PARI 7.8x10 1x10 NA 36% 42%
LPS-5 OO0 cee
z
4 Single LPS-5 00000 00Oeee® Meropenem- Ceftazidime- Hudson RCl filtered; 6.7x10°  1.8x10* 27x10 20%  24%
vaborbactam?, avibactam ISO-Neb; PARI
colistin (IV)*
z
5 Single LPS-5 00000 O©Oeee® Ciprofloxacin, None Hudson RCl filtered; 1.3x10° 7.8 x10* 97x10° 45% 63%
tobramycin (INH) ISO-Neb; PARI
z
TIVP-HE  O0000 0O00Oe® Aztreonam (INH),
6 Cocktail amikacin (INH)?, None CareFusion AirLife 8.4x10%° 6.22x10° 5x10’ 28% 30%
LPS-5 O000Ce OO0Ce fati a
colistin (IV)
z
TIVP-H6 000 0000® Ceftolozane-
LPS-5 tazobactam, Ceftazidime-
7 Cocktail - OO0 Cee8® .\ .mycin(v),  avibactam, CareFusion AirLife  26x10°  14x10°  76x10°  25%  31%
aztreonam (INH)?,  tobramycin (1V)
colistin (INH)?
z
TIVP-H6 000 000 i ] .
8 Cocktail Cefepime, None HudsonRClfiltered; ) g 100 2gx10¢  45x10°  52%  71%
LPS-5 000 PPy colistin (IV) ISO-Neb; PARI
z
TIVP-H6  OO000 OOOC@®  Ceftazidime- ) )
9 Cocktail avibactam, None HudsonRClfiltered; ;6 47 70,105 78x10°  38%  43%
LPS-5 00000  0O0Cee ... ) ISO-Neb; PARI

INH, inhaled; NA, data not available. ’Administered during phage therapy. Phages OMKO1, TIVP-H6 and LPS-5 were evaluated for infectivity to sputum PsA isolates, and phages selected for
personalized therapy are shown for each patient. Sensitivities are shown for isolates taken from sputum before and after therapy (empty circles indicate phage sensitivity and filled circles
indicate phage resistance for individual isolates). Phage(s) were inhaled for 7-10days. Antibiotics listed were administered <30days before phage therapy, during phage therapy and <30days
after phage therapy. PsA was measured before and after therapy (15-42days (average 22.7, median 20)) after completion of phage therapy. Lung function was monitored with spirometry before

and after phage therapy.

of 1x 10" plaque-forming units (PFU). Phage nebulization was well
tolerated without any adverse events. For the five outpatients, four
reported subjective fevers and three reported fatigue on days 2 and
3 of phage therapy, without the need for additional treatment(s). The
four inpatients did not have documented fever or report symptoms
after phage therapy.

Inhaled phage therapy decreases sputum PsA

Totest the hypothesis that phage therapy would reduce sputumPsAin
each participant, spontaneously expectorated sputum collected before
and after therapy was processed for PsA colony-forming unit (CFU)
quantification. Sputum PsA CFU before therapy was greater than after
therapy for all participants (Fig. 1aand Table 2). Across all participants,
sputum PsA CFUs decreased after phage therapy from a median (first
quartile, third quartile) 2.6 x 108 (5.0 x 107, 5.7 x 10®) or mean 3.0 x 10®
(#1.0 x 10%s.e.m.) CFU mlI™ before therapy, tomedian 2.6 x 10* (1.2 x 10*,
3.1x10°% ormean7.7 x 10°(+6.9 x 10°s.e.m.) CFU ml™ after completion

of therapy (5-18 days (median 7, mean 8.4)), whichis a10* median or 10*
mean difference, respectively (P=0.006, two-way analysis of variance
(ANOVA) with Dunnett’s multiple-comparisonstest). A later time point
(15-42 days (median 20, mean 22.7)) after completion of phage therapy
found decreased PsA CFU median 7.8 x 10° (2.0 x 10*,2.7 x 107) or mean
1.1x107 (+7.5 x10°s.e.m.) CFU ml™, which is a10* median, or 10’ mean
difference, respectively (P=0.0112, two-way ANOVA with Dunnett’s
multiple-comparisons test). Thus, sputum PsA decreased after phage
therapyineach patientand across the cohort, regardless of individual-
ized differencesinthe phage treatment strategies (Fig. 1aand Table 2).

Inhaled phage therapy improves lung function

In CF the most salient outcome is lung function (also known as spirom-
etry),and therapies that decrease PsA may be associated with this clini-
cal benefit". Therefore, we compared lung function (percent predicted
forced expiratory volume in1s (ppFEV,)) before versus after phage
therapy (days 21-35). Results for each participant showed anincrease
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Fig. 1| Effect of phage therapy on bacterial burden and lung function.

a, Sputum analysis was performed before and after phage therapy. PsA CFU ml™*
from each patient’s sputum (n = 9) were counted in replicates of three and
averaged. CFU ml™ was measured before therapy (Pre) and at two time points
after therapy (Post (14 days), 5-18 days (average 8.4, median 7), and Post

(30 days),15-42 days (average 22.7, median 20)); **P = 0.006 and *P = 0.0112;
two-way ANOVA with Dunnett’s multiple-comparisons test. Two participants did
not provide sputum samples after Post (14 days). b, Spirometry was performed
before and after (days 21-35) phage therapy and reported as ppFEV1% best
single measurement from at least three tests per the American Thoracic Society
standards of acceptability and repeatability; **P = 0.004; Wilcoxon signed-rank
two-tailed t-test. PT, patient.

in ppFEV, after versus before therapy (Table 2 and Fig. 1b), and an
analysis across the entire cohort showed an overall improvement in
ppFEV,from amedian (first quartile, third quartile) 36 (23,49), or mean
37 +5.5s.e.m., before therapy toamedian 42 (27, 67), ormean45 + 6.9
s.e.m., after therapy, which is median or mean ppFEV1 difference of
6 and 8, respectively (P = 0.004, Wilcoxon signed-rank two-tailed
t-test). Analysis of participants with pre-therapy ppFEV, >30 showed
increased ppFEV, after phage therapy (meandifference of 11+ 3.2s.e.m.
(P=0.06) Wilcoxon signed-rank two-tailed ¢-test), while participants
with pre-therapy ppFEV, <30 improved ppFEV, to a lesser extent
(meandifference 3.5 £ 0.96 s.e.m. (P = 0.1) Wilcoxon signed-rank two-
tailed ¢-test). Therefore, phage therapy was associated withimproved
lung function, regardless of individualized differences in phage treat-
ment strategies (Table 2 and Fig. 1b).

Phage therapy reduces PsA virulence

In addition to bacterial killing (Fig. 1a), we hypothesized that our per-
sonalized strategy to use specific phages to target AMR or virulence
factors should select for surviving bacterial mutants with evolved phage
resistance that results in decreased virulence. First, PsA resistance to
phage therapy was investigated by studying purified PsA clones from
participant sputum, and each isolate was tested for susceptibility to
phage(s) usedininhaled therapy (Table 2). For each participant, results
showed that post-therapy sputum PsA contained one or more bacte-
rial clones with resistance to phage(s) usedin therapy (Table 2), which
showed thatinhaled phage therapy exerted selection for PsA to evolve
resistance to phage(s) used in treatment.

Next, we examined whether evolved phage resistance after therapy
coincided with predicted trade-offs with antibiotic resistance or viru-
lence. Phage OMKO1 selects for evolved phage resistance that coin-
cides with increased sensitivity to various antibiotics®', which may
be explained by this phage binding to Mex efflux pumps®’°. In the two
patients whoreceived OMKO1 (Table 2), post-therapy sputumisolates
evaluatedin clinical laboratories for antibiotic sensitivity showed PsA
withincreased susceptibility toimipenem (patient1; Fig.2a) and pipera-
cillin-tazobactam, ceftazidime, amikacin, gentamicin and tobramycin
(patient 3; Fig. 2b). Additional pre- and post-therapy PsAisolates were

examined in our research laboratory for changes in susceptibility
(minimum inhibitory concentration; MIC) to antibiotics. For patients
who did not receive OMKO1, fewer PsA isolates showed changes to
antibiotic susceptibility (Extended Data Fig. 1b,d-i). These results
suggest that the predicted resensitivity to antibiotics occurred in the
two patients who received OMKO1 (Fig. 2a,b). As expected, patients
who did not receive OMKO1 did not show antibiotic resensitizationin
mostisolates (Extended Data Fig.1).

The function of PsA TIVP includes twitching motility, secretion
of pyocyanin (a virulence factor that causes cellular inflammation
and oxidative stress') and bacterial surface attachment®. Phage
TIVP-H6 binds to PsA TIVP, and we investigated the hypothesis that
TIVP-H6 phage therapy selects against TIVP function. Pyocyanin was
measured from PsA isolates before and after therapy. Results showed
that pre-therapy isolates from patients 1, 3, 4, 5, 6, 8 and 9 showed
minimal to no pyocyanin production, while isolates from patients 2
and 7 secreted pyocyanin at detectable levels before therapy (Fig. 2c
and Extended Data Fig. 2a-i). However, only isolates from patient 7
showed astatistically significant reduction of pyocyanin production
(Extended Data Fig. 2b,g). Finally, the potential for phage TIVP-H6 to
select for reduced bacterial adherence was studied in vitro using CF
airway epithelial (CFBE410-) cells grown at anair-liquid interface (ALI)
usingisolates from patient 2 (the only patient to receive single-phage
TIVP-H6 therapy). Compared with pre-therapy PsA, post-therapy
isolates showed significantly decreased adherence to CF airway epi-
thelium (Fig. 2d). Together these results show that TIVP-H6 phage
therapy selects for atrade-offin post-therapy PsAisolates for reduced
virulence via a reduction in pyocyanin (Fig. 2c) and/or decreased
TIVP-mediated adherence to CF airway epithelium (Fig. 2d).

PsA LPS contributes to virulence by reducing antibiotic perme-
ability, contributing to biofilm production and activating human
immunity". As phage LPS-5binds to PsA LPS, LPS per cell (Fig. 2e and
Extended Data Fig. 3) and elastase production (Fig. 2f and Extended
Data Fig. 4) from pre- and post-therapy PsA isolates were measured.
Across all eight patients who received phage LPS-5, there was no
statistically significant change in LPS content before versus after
therapy (Fig. 2e). A similar analysis for elastase activity showed a sig-
nificant decrease in elastase activity across all patients who received
LPS-5 and produced elastase before therapy (Fig. 2f); patients1and 6
(Extended Data Fig. 4a,f) had decreased elastase activity after phage
therapy. While evidence for phage LPS-5-selected trade-offs was mixed,
these results show that LPS-5 phage therapy selects for a trade-off in
post-therapy PsAisolates for reduced elastase production (Fig. 2f).

Phage therapy does not change bacterial species diversity
Because antibiotics have secondary effects on nontarget bacteria, a
similar possibility can be examined for administered phage(s). Specifi-
cally, reducing PsA in the lung may open niche(s) for other species,
which were previously occupied by PsA. This is particularly important
in pwCF where several pathogens can contribute to lung disease™.
Thus, potential off-target effects were investigated in longitudinal
sputum samples obtained before and after therapy. First, results
from clinical laboratory sputum cultures showed no change in CF
pathogens before or after therapy. Second, metagenomic analysis of
longitudinal changes in alpha-diversity (species richness)" present
in pre- and post-therapy sputum from patients 2-9 (Extended Data
Fig. 5a) showed no significant change(s) in: (1) Chaol diversity index
(Extended Data Fig. 5b), which is a richness metric that especially
considers potentially missing (‘rare’) species'; (2) Shannon diversity
index (Extended DataFig. 5¢), which accounts for the abundance and
evenness of species across time'’; and (3) Simpson diversity index
(Extended Data Fig. 5d), which accounts for the presence of specific
dominant species, aside from overall abundance®. Thus, these results
showed that phage therapy did not significantly alter the composition
of bacterial communities in these patients.
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Fig. 2| Effect of phage therapy PsA antibiotic susceptibility and virulence.
a,b, Antibiotic susceptibility results from clinical microbiology laboratory
testing for sputum isolates taken before and after therapy from patient1(a)
and patient 3 (b) are shown (R, resistant; S, susceptible; I, intermediate; X, not
reported). ¢, Production of pyocyanin (ug ml™) was measured from PsA isolates
before therapy (N = 6) and after (N =10) therapy from patients who received
TIVP-H6 phage therapy (**P = 0.0047; Mann-Whitney test).d, Attachment

of PsA to CF airway epithelial cells before (N = 6) and after (N = 6) therapy in
duplicate from patient 2 (***P=0.0005; Mann-Whitney test). e, LPS (ng CFU™)
quantification from PsA sputumisolates taken before therapy (N = 14) and
after therapy (N = 25) from patients who received phage therapy with LPS-5
(P=0.6963; Mann-Whitney test). f, Secreted elastase activity (U ml™) from PsA
sputum isolates taken before therapy (V= 8) and after therapy (N=15) from
patients who received phage therapy with LPS-5 (**P = 0.002; Mann-Whitney
test). Data presented as mean values * s.d.

Pre- and post-therapy PsA strains are closely related

While the above results show that phage therapy selects for phage
resistance commensurate with trade-offs in antibiotic resistance or
bacterial virulence at a phenotypic level, we hypothesized that we
could detect similar signal(s) at the genotypic level. Whole-genome
sequencing and variant analysis of the pre- and post-therapy isolates
showed that post-therapy isolates had numerous mutations not found
inpre-therapyisolates (Fig. 3 and Extended DataFig. 6). For example,
patient 1 post-therapy isolate showed nonsynonymous mutations in
the sequences encoding MexB (R586S), acomponent of a complex
involved in efflux of several antibiotics; MigA (P169T), an enzyme
involved in LPS biosynthesis; and multiple proteins involved in TIVP
assembly, one of which (PilE P81R) was shared by all post-therapy iso-
lates examined (Fig. 3a). Patient 4 had nonsynonymous mutationsin
two LPS biosynthesis genes, wzm and PA5455 (Fig. 3B) in four out of five
post-therapy isolates, which might account for the lower LPS content
observed in these isolates (Extended Data Fig. 3). Several mutations
involved in TIVP biosynthesis were observed in all post-therapyisolates

from patient 7, which correlate with the significantly lower pyocyanin
measured from these isolates (Extended Data Fig. 2), although only
one isolate showed a mutation in a LPS biosynthesis gene (Fig. 3c).
Many mutations in isolates from these patients, as well as the other
six patients (Extended DataFig. 6), were found ingenesrelated to the
synthesis, modification or regulation of the receptors used by the
phage(s) these patients received. However, nonsynonymous mutations
were also found across isolate genomes at loci that do not obviously
correspond with the phage treatments, which suggests that the PsA
populations from which these isolates were drawn are genetically
diverse and under in vivo selection pressures other than phage(s). A
largerisolate set and more tailored laboratory experiments are needed
todirectly associate the mutations highlighted above with the meas-
ured phenotypes of interest.

Discussion

Here, we summarize our experience with adjunctive inhaled phage ther-
apytotreat MDR or PDR PsAinacohort of nine pwCF.Importantly, we
found that personalized phage therapy was associated with decreased
sputum PsA and improved lung function, which may reflect the effects
of phage-driven evolved trade-offs.

Inhaled phage therapy was first reported in 1959 (ref. 21), and
so far, there have been few reports of inhaled phage therapy for PsA
in smaller cohorts of pwCF?*%, For our consecutive cohort of nine
CF adults, nebulized phage therapy was chosen, in favor of IV deliv-
ery, to directly target the site of infection and to limit systemic phage
exposure, with the added benefit that most individuals with CF have
experience withinhaled medications. Compared with IV, nebulization
should decrease adaptiveimmune responses that neutralize phage(s),
which could limit future treatments with the same phage(s)**. Sputum
analysis showed that (1) nebulized phage(s) decreased PsA CFU ml™
(Fig.1a),irrespective of nebulizer used, and (2) post-phage therapy PsA
showed evidence of phage resistance to treatment phages (Table 2),
which suggests that inhaled phages affected PsAin vivo, as predicted
fromin vitro studies”™.

The ability forinhaled phage therapy to decrease sputum bacte-
ria, especially MDR and PDR pathogens, has the potential to translate
into promising clinical applications. Our personalized approach
reduced CFU despite each patient concurrently receiving, or recently
completing, antibiotics (Tables 1 and 2). Nevertheless, decreased
CFU does not always translate to clinical improvement in pwCF%.
Therefore, itis notable that this cohort had improved lung function
(Fig. 1b), which suggests an additional contribution of our strat-
egy to carefully choose administered phage(s) by anticipating their
selection exerted on PsA, such that evolved phage resistance would
coincide with favorable trade-offsin virulence®°. In this cohort, some
post-therapy PsA isolates were resistant to phage OMKO1 (Table 2),
which resulted in increased antibiotic sensitivity (Fig. 2a,b). This
increased antibiotic sensitivity allowed previously unavailable anti-
biotics to be considered for future use, which has meaningful clinical
relevance. Decreased virulence traits (pyocyanin secretion and cell
adherence) in post-therapy PsA isolates (Fig. 2c,d) was observed,
which may be attributed to phage TIVP-H6 targeting pili. However,
despite evidence that PsA sputum isolates treated with phage LPS-5
became resistant to this phage (Table 2), there was mixed evidence
for changes in LPS content and elastase production after therapy
(Fig. 2e,f and Extended Data Figs. 2 and 3). It is possible that: (1) the
observed post-therapy resistance to phage LPS-5 was via a mecha-
nism independent of the phage’s putative receptor, LPS; (2) phages
killed all sensitive PsA, opening niche space for pre-therapy minority
variants of intrinsically phage-resistant PsA tofill in the space; or (3)
techniques used to measure LPS content were not optimal to measure
atrade-off between phage resistance and virulence for phage LPS-5.
LPS is usually crucial for bacterial virulence, and it may be naive to
expect that ourinvivo evolved phage resistance results would match
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our predictions from in vitro evolution of phage resistance. This
highlights the necessity for further translational studies to better
inform clinical decisions for phage therapy.

While PsAis currently the most prevalent pathogen observedin
CF adult sputum, polymicrobial infections (for example, S. aureus)
arecommon and evident by studying CF lung microbiome utilizing
culture-independent techniques that detect multiple pathogens®*?’.
Given the potential for phage therapy to decrease PsA while increas-
ing the opportunity for competitively inferior pathogens to thrive,
an important aspect of our study was to investigate how phage
therapy might alter the CF lung microbiome, which was examined
using longitudinal sputum analysis of metagenomics data. We
found no evidence that phage therapy altered species composi-
tions in the CF lung microbiome (Extended Data Fig. 4). These
observations were consistent with clinical laboratory analyses of
post-therapy samples, which also showed no changes in the number
of sputum pathogens.

Many aspects of our study addressed possible safety concerns for
phage therapy, which does not currently have US FDA approval for gen-
eral use. This study used environmentally sourced phages that were not
genetically manipulated. Safety was addressed by restricting adminis-
tered phages to those withsstrictly lytic replication cycles, thus avoiding
temperate phages capable of host lysogeny. Genomes of each phage
were sequenced before therapy and screened for presence of lysogeny
genes to further ensure phages were strictly lytic. Purification tech-
niques were used to minimize endotoxin levels in phage therapy doses
to meet US FDA requirements (<5 endotoxin units kg™ h™). Because
pre-therapy sputum PsA was on average -3 x 10 CFU ml™, aphage con-
centration was chosen to exceed sputum bacterial density by at least
tenfold. Although this method was successful in the current study, a
unique benefit of lytic phage therapy is phage self-amplification when
viruses productively infect and kill bacterial host cells, which suggests
that lower concentrations could be considered with future inhaled
phage therapy approaches.
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Phage cocktails are often assumed to be the superior phage ther-
apy approach, although this has not been studied in humans. While
phage cocktails can increase the spectrum of activity, this popular
approach may have limitations: (1) different phages co-infecting the
same bacterial cell can suffer reduced reproductive fitness due to phage
competition for limited intracellular resources®?*; (2) cocktails can
select for unanticipated mutations compared with single phages®®*,
which is concerning for unexpected changes that increase bacterial
virulence after phage therapy; (3) cocktails may stimulate greater
adaptive immune responses compared with single phages®; and (4)
cocktails have the potential to select for cross-resistance in bacteria,
which more quickly depletes libraries of potentially useful phages*. We
observed microbiological (Table 2) and associated clinical improve-
ment (Fig. 1) with single phages TIVP-H6 and LPS-5. This approach is
attractive considering the usual necessity to treat PsA, or other bac-
teria, for prolonged durations because of the difficulties to eradicate
bacteria within CF bronchiectatic lungs. In addition, a sequential,
single-phage therapy approach could be deployed such that alternat-
ing phages would target different bacterial surface receptors to drive
specific trade-offsin PsAvirulence after therapy. This serial approach
would leverage the same phage discovery platform that we used to dis-
cover phages OMKOL1, LPS-5and TIVP-Hé6 to search for PsA phages that
target additional virulence factors (for example, secretion systems,
flagellaand siderophores). Sequentially nebulized monophage therapy
may also limit adaptive immune responses to phage, although this
requires rigorous study. While we favor the above approaches, some
naturally occurring phages are capable of broadly killing genotypes of
hostbacteria, including PsA*, and ageneral goal of phage biotechnol-
ogy is often to identify, or engineer, viruses with broad host range**.
Clinical trials using single or cocktail-based approaches of inhaled
phage therapy in pwCF will provide useful datato address these issues.
Aninvestigator-initiated clinical trial CYstic fibrosis bacterioPHage at
Yale (CYPHY; NCT04684641) showed no safety concerns, butalthough
there was evidence for decreased PsA after phage therapy, the trial did
not meetits prespecified microbiologic efficacy endpoint. The Armata
Pharmaceutical (NCT04596319) trial included dose escalation and
multiple doses of anebulized phage cocktail. While safety data are avail-
able without evidence for significant safety concerns, no microbiologic
endpoint data are available. Presently, there are no data available for
the BiomX (NCT05010577) multicenter inhaled phage cocktail trial.

Limitations

Because of the nature of compassionate phage therapy, there was no
control group for comparison. PWCF had differences in CF genotype,
clinical phenotype and CF-specific treatments (for example, access
to CF transmembrane conductance regulator (CFTR) modulators).
Across the cohort, there were differences in the number of phages
used (for example, single versus cocktail), duration of phage therapy
(7-10 days) and frequency of treatment (inpatient and outpatient).
In addition, the nebulizer used was not standardized. Each patient
used anebulizer provided while inpatient or used their personal one at
home. However, we confirmed that different nonmesh nebulizers had
no impact on phage viability®, which suggests that nebulizer choice
had no adverse effects on phage particles from two virus families of
differing morphology (myoviruses and podoviruses), which include
phages OMKOI, TIVP-H6 and LPS-5.

While each patient had MDR or PDR sputum PsA that had not
responded to prior antibiotics, another limitation of this study was
unknown variability among strains (lineages) infecting each partici-
pant. In these compassionate cases, a small number of PsA isolates
from sputum were randomly selected to be representative of the
PsA sputum population. While the isolates probably represent the
mostabundantlineages in the lung community, itis unlikely that they
reflectalllineages present in the lungs of pwCF, and we cannot be sure
that all post-therapy isolates are direct descendants of the sampled

pre-therapy isolates despite supportive evidence from the reported
genome sequence analyses; this is a focus of ongoing studies. Addi-
tional compassionate cases and clinical trials are using protocols to
improve sputumstandardizationand processing (for example, induced
sputum), increase sampling of PsA isolates and measuring treatment
phagesin sputum to begin to assess phage amplification, pharmacoki-
netics and pharmacodynamics.

In summary, this study evaluated the impact of adjunctive nebu-
lized phage therapy for MDR and PDR PsA on a cohort of compas-
sionate cases in pwCF. While the number of patients is limited, phage
nebulizationwas well tolerated, and results showed that a personalized
phage therapy approachwas associated withreduced PsA burdenand
improved lung function. In addition to bacterial killing, this phage
therapy approach was associated with trade-offs in PsA that resulted in
decreased antibioticresistance and reduced virulence in post-therapy
isolates. Thus, in a chronic lung disease such as CF, inhaled phage
therapy may offer an effective therapeutic option. Further studies of
this new therapeutic are currently underway in clinical trials, and our
personalized phage therapy approach will similarly require larger
clinical trials.
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Methods

Identification of patients suitable for phage therapy

For this cohort, we received unsolicited requests from the patient
or their physician for assistance to treat sputum MDR or PDR PsA
refractory to standard, approved CF therapies. For each case, we
reviewed patient clinical history, antibiotic treatments and immuno-
logic status with a multidisciplinary team that includes phage biolo-
gists, pulmonologists with expertise in CF, and infectious disease
physicians. Spontaneously expectorated sputum was sent to what
is now Yale’s Center for Phage Biology and Therapy laboratory for
microbiological characterization. PsA was isolated from sputum,
and susceptibility to three phages OMKOI1, LPS-5 and TIVP-H6 was
determined (see ‘Sputum processing’ and ‘Phage sensitivity testing
and preparation’). Susceptibility to phages was measured by titering
(enumerating) phages on each clinical PsA isolate and comparing
this with the phage titer on permissive PsA laboratory strains PAO1
or PA14 (ref. 36).

Phage therapy

Each phage therapy protocol was submitted as anindividual US FDA
emergency investigational drug or SPIND application. After suitable
phage(s) were identified, a treatment protocol was reviewed with
each participant’s CF physician. This protocol, phage manufactur-
ing and the informed consent form were reviewed and approved
by FDA and the local institutional review board for each institution
where phage therapy took place (Rutgers University, Texas Tech
University and Yale University). Each participant provided written
informed consent. The Yale Center for Phage Biology and Therapy
prepared and provided phages for all patients at no cost to patients.
Phage therapy was delivered by nebulization using a nonmesh jet
nebulizer (Table 2). Nebulization was chosen because (1) several CF
therapies are nebulized and well tolerated by pwCF, (2) nebulization
delivers phage(s) directly to the site of infection and (3) nebuliza-
tion may limit systemic toxicity. In a separate set of experiments, it
was confirmed that different nonmesh nebulizers had noimpact on
phage viability using a Next Generation Cascade Impactor (MSP)™*.
All patients received atest dose of nebulized phage in either aninpa-
tient or outpatient clinical setting where they were monitored for
at least 30 min after nebulization to ensure that inhalation was well
tolerated. For inpatients (n = 4), phage therapy was continued twice
daily, while outpatients (n = 5) received phage therapy once daily;
three participants transitioned frominpatient to outpatient. The total
duration of phage therapy was 7-10 days. Participants were treated
at their local institution (n = 4) or traveled to Yale University/Yale
New Haven Hospital (n = 5) for treatment. Outpatients with initial
ppFEV, <30% had clinical follow-up within 72 h of treatment. After
phage therapy, participants returned to their CF physician(s) for care,
and we remained in contact to assess potential adverse events for a
total of 30 days. Patients and their care teams were asked to report
new symptoms and changes in CF therapies. Because each case was
a SPIND, standardized CF symptom diaries or questionnaires were
not used and there was no safety monitoring board. Sputum samples
were collected at differentintervals over the subsequent 28 days (see
‘Sputum processing’), and spirometry was performed after phage
therapy (21-30 days) at each patient’s CF center (see ‘Spirometry’).

Spirometry

Forced expiratory volumein1s (FEV,) was obtained from each patient
by spirometry per each CF clinic’s protocol. All clinics used American
ThoracicSociety standards of acceptability and repeatability; reported
ppFEV, reflects patients best effort from at least three attempts per
American Thoracic Society guidelines. Pre-phage therapy FEV; is con-
sistent with each patient’s best FEV, over the preceding 6 months,
and no significant difference was found compared with pre-phage
therapy values.

Sputum processing

All sputum samples were spontaneously expectorated. For standard
microbiology analysis, samples were sent to each institution’s clini-
cal microbiology laboratory. All of these institutions are CF centers
accredited by the US CF Foundation, which provides guidelines for
microbiology laboratories. For additional analysis, at Yale’s Center
for Phage Biology and Therapy laboratory, sputum was weighed and
combined with 1 ml phosphate-buffered saline (PBS) supplemented
with10 mM magnesium sulfate (PBS-M) per gram and manually homog-
enized with a syringe and 16-gauge needle”. Samples were used for
bacterial isolation (see ‘Bacterial isolation, culture and quantifica-
tion’) and immediately stored in DNA/RNA Shield (Zymo Research)
per the manufacturer’s protocol before metagenomic sequencing (see
‘Metagenomic sequencing’).

Bacterial isolation, culture and quantification
Bacteriawereisolated by direct plating dilutions of sputum homogen-
ate on PsA isolation agar (Millipore) and used to determine CFUml™.
Phenotypically distinct strains were isolated for further characteriza-
tion (n=1-5 per sputum sample). For subsequent experiments, all
bacteria were grown for 16 h at 37 °C from glycerol stock in lysogeny
broth (LB; Sigma-Aldrich) plates (1.5% agar). Individual colonies were
used toinitiate cultures grown overnightin LB with shaking (200 rpm)
and incubation at 37 °C. Isolates were preserved at -80 °C in glycerol
for future studies.

Metagenomic sequencing

DNA from sputum was extracted and metagenomic sequencing was
performed on the lllumina HiSeq4000 platform (Illumina). Raw reads
were preprocessed for quality control using bowtie®. Contigs were
assembled with metaSPAdes®, and metaBAT2*° was used to assign
contigs to the most common bacterial generafound in CF lungs. Con-
tigs were assessed for quality, quantity, completeness and coverage
with prokka*, quast*? and checkM*’. Comparisons are made between
sputum samples collected before, during and after phage therapy.

Phage sensitivity testing and preparation

Phage sensitivity testing for OMKO1, TIVP-H6 and LPS-5was completed
by preparing a homogenate of sputum that was plated on selective
medium to isolate PsA. Up to five PsA morphotypes were isolated,
grown and tested for phage sensitivity with an efficiency of plating
(EOP) relative to phage amplification host (for example, laboratory
strains PAO1 or PA14) 0.1 floor for sensitivity (that is, 0.1 EOP was
considered sensitive). Initial EOP testing was completed for OMKO1,
TIVP-H6 and LPS-5, which were found to have an acceptable EOP for
sputum PsA for this patient cohort. Phage selection for cocktails met
EOP criteria for each phage, and single phages were selected on the
basis of best EOP >0.1.

Bacterial killing, or time-kill, assays were not required by the FDA
and were not completed.

Phage lysates were prepared by growing PAO1 or PA14 to expo-
nential phase in non-animal-origin tryptic soy broth (Sigma-Aldrich).
Phage(s) were then added to a fresh culture of bacteria at a multi-
plicity of infection (ratio of phage particles to bacterial cells) of
~0.01 and incubated for 6 h at 37 °C with shaking (200 rpm). Ampli-
fications were centrifuged and filtered (pore size 0.22 um). Lysates
were then concentrated with Centricon small pore concentrators
(100 kDa molecular weight cutoff) and dialyzed in 1,000x volume
PBS-M. Endotoxin concentration was then determined with Hyglos
EndoNext kits (bioMerieux). Per FDA requirements, USP 71testing was
completed by a third-party laboratory (Accugen Laboratories) on all
phage preparations that were used for phage therapy. Purified phages
were diluted in 3 ml PBS-M for nebulization to a final concentration
0f 1.0 x 10" PFU ml™ for individual phages. If phages were used in a
cocktail (two or more phages), the total phage concentration remained
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<1.0 x 10" PFU (for example, two phages -5.0 x 10° PFU; three phages
~3.33 x 10° PFU). If shipping was required, phages were shipped onice
andrefrigerated before use.

Antibioticresistance measurements

Sputum samples were sent to each institution’s CF Foundation-
accredited clinical laboratory for standard microbiology analysis
thatincluded antibiotic susceptibility testing. Limitationsinclude the
following: (1) only one or two PsA isolate results are reported for each
sputum sample, (2) sensitivity or resistance is reported on the basis
of Clinical Laboratory Improvement Amendment standards and (3)
MICs are not provided. Therefore, we tested MICs for ten antibiotics
via ETEST strips (bioMerieux) per the manufacturer’s guidelines on
additional PsA isolates. In brief, an overnight culture of bacteria was
diluted to a McFarland standard of 0.5 and then spread on Mueller-
Hinton agar (2 gbeefextract, 17.5 g casein hydrolysate, 1.5 g starchand
17 g agar per liter) using a sterile L-shaped cell spreader. The bacte-
rial lawn was allowed to dry, and an ETEST strip was placed on top of
the lawn. After overnight incubation at 37 °C, the plate was scored by
recording the lowest concentration of antibiotic thatinhibited growth
of the bacterial lawn.

Pyocyanin measurements

Pre- and post-phage therapy PsA isolates were grown in LB for 48 h at
37 °Cwithshaking (200 rpm). Cultures were serially diluted and plated
on LB for enumeration. Pyocyanin was extracted from the remaining
culture as described previously*:. In brief, bacterial supernatant was
mixed with chloroform and allowed to separate. The blue layer was
then mixed with 0.2 M hydrochloric acid and allowed to separate again.
The pink layer was transferred to a 96-well plate, and an absorbance
measurement was taken at 520 nm. The pyocyanin concentration was
calculated and normalized to total PsA CFU.

Bacteria attachment assay

Immortalized CF AF508/AF508 bronchial epithelial (CFBE410-) cells
(generously provided by Dr. J. Bomberger) were cultured at 37 °C and
5% CO,inminimal essential medium (MEM; Gibco) with10% fetal bovine
serum (Gemini Bio-Products), supplemented with 2 mM L-glutamine,
5Uml™penicillin, 5 pg ml™ streptomycin (Sigma-Aldrich) and 0.5 pg ml™*
plasmocin (InvivoGen)*. For the attachment assay, cells were seeded
at confluence on transwell Falcon Permeable Supports (Corning) and
differentiated atan ALIfor 7 days before use*®. PsA cultures were grown
12-24 hin tryptic soy broth, pelleted via centrifugation, washed with
MEM and diluted toan OD,,, 0f 0.1. Normalized bacteriawere then added
to CFBE41o- cells at amultiplicity of infection of 5-10 and co-cultured at
37°Cforlh,aspreviously described*’. The apical medium was removed,
and ALl airway epithelium was washed thoroughly with MEM. Attached
bacteria were dispersed with MEM containing 0.1% Triton X-100 solu-
tion, serially diluted and spread on LB plates for enumeration. Results
are expressed as CFU percentage of the original PsAinoculum.

LPS measurements

Pre- and post-phage therapy PsA isolates were grown on LB plates for
24 h. All growth was scraped into 1 ml of PBS and serially diluted to
enumerate bacteria. The remaining bacteriawere lysed via sonication
and LPS was extracted from bacteria using an LPS extraction kit (Abcam
ab239718). LPS was quantified using a carbohydrate quantification
assay (Abcam ab155891). LPS was extracted, and the total carbohy-
drate content (g CFU™) was quantified following the manufacturer’s
instructions. The total carbohydrate content (g CFU™) was normalized
by cell density*’.

Elastase measurements
Pre- and post-phage therapy PsA isolates were grown in LB for 48 h at
37 °Cwithshaking (200 rpm). Cultures were serially diluted and plated

on LB for enumeration. Bacterial supernatant was filtered to remove
cells, and elastase activity was measured with a fluorometric assay
following the manufacturer’sinstructions (Molecular Probes E12056).

Isolate sequencing and comparative genomics

Libraries were prepared from sputum-derived PsA isolates using the
Nextera XT DNA Library Prep Kit and sequenced on an [llumina Next-
Seq platform. Paired-end reads were filtered and trimmed with fastp
v0.23.2 using default settings, and clean reads were used to call variants
against the Pseudomonas aeruginosa PAOl reference genome (RefSeq
NC_002516.2) withbreseqv0.38.1. Variant calls, reference annotations
andthereference genome sequence were importedintoRv4.2.0,and
variant consequences were determined for coding sequences using
functions from the VariantAnnotation (v1.44.1) and GenomicFeatures
(v1.50.4) packages. Variant data were processed and plotted using
functions from the tidyverse suite of packages (v2.0.0).

Statistics

GraphPad Prism (GraphPad Software) was used for all statistical
analysis. Two-way ANOVA with Dunnett’s multiple-comparisons test
and Wilcoxon signed-rank ¢-test for paired samples was used for the
statistical analysis of bacterial density and spirometry before and
after therapy, respectively. Welch’s ¢-test, for normally distributed
data, or Mann-Whitney test (both two-sided) was used for statistical
analysis of antibiotic sensitivity, pyocyanin production, bacterial
attachment, LPS content and elastase activity in isolates before and
after therapy. Statistical analysis of longitudinal alpha-diversity was
done with ANOVA with Tukey correction for multiple comparisons.
Except for spirometry, all N values indicate the number of biological
replicates.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequencing data have been made available at the National Center
for Biotechnology Information Sequence Archive (accession no.
PRJNA1182815). Additional data (for example, bacterial density, anti-
biotic sensitivity, pyocyanin production, bacterial attachment, LPS
content and elastase activity) are available via Dryad at https://doi.
org/10.5061/dryad.pc866t1t0 (ref. 48).
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antibiotic susceptibility results from sputum solates taken pre- and post-therapy ~ >0.9999, 0.1429, 0.1429, 0.3333, 0.0476), (H) patient 8 (Npre=3, NP**'=1, p=NA),
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patient 3 (NP =1, NP**'=1, p=NA), (D) patient 4 (N*"=1, NP*'=4, p=NA), (E) patient meropenem (MEM), ciprofloxacin (CIP), levofloxacin (LEV), tobramycin
S5(NPre=2, NP**'=4, p = 0.733,>0.9999, >0.9999, >0.9999,> 0.9999, >0.9999, (TOB) and colistin (COL). Antibiotic susceptibility determined to be resistant,
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p=0.0403), (G) patient 7 (NP =2, NP*** =5, p=0.0952), (H) patient 8 (NP =3, NP°*
=1, p=NA), and (I) patient 9 (NP =1, N**** =3, p=NA). Data representative of two
independent experiments; error bars represent median (Welch’s t test or
Mann-Whitney test).

Extended Data Fig. 3 | Effect of LPS-5 Phage Therapy on LPS content.
Quantification of extracted LPS (ng/CFU) from PsA sputum isolates taken pre-
and post-therapy from (A) patient 1 (NP =1, N*>** =3, p=NA), (B) patient 2 (N’ =4,
NPt =5, p=0.2857), (C) patient 3 (NP =1, N***'=1, p=NA), (D) patient 4 (NP =1, NP°**
=5, p=NA), (E) patient 5 (NP =2, NP*** =4, p=0.5333), (F) patient 6 (NP =3, NP> =3,
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Extended Data Fig. 4 | Effect of LPS-5Phage Therapy on PsA Elastase
Production. Secreted elastase activity (U/mL) from PsA sputum isolates taken
pre-and post-therapy from (A) patient 1 (NP =1, N***=3, p=NA), (B) patient 2
(NPre=4, NP>t =5, p=0.2857), (C) patient 3 (NP =1, NP>t =1, p=NA), (D) patient 4
(NPe=1, NP =6, p=NA), (E) patient 5 (NP =2, NP***=4, p=0.3333), (F) patient 6

(NP=3,NP*' =3, p=0.2032), (G) patient 7 (NP"* =2, NP*** =5, p=0.2381), (H)
patient 8 (NP =3, NP**' =1, p=NA), and (I) patient 9 (N*"*=1, NP**'=3, p=NA).
Datarepresentative of two independent experiments; error bars represent
median (Mann-Whitney test).
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Sample size As above, this study includes the first nine patients consecutively treated. Thus, there was no sample size determination.
Data exclusions  No data exclusions

Replication All experiments were replicated and the data is included in the manuscript.

Randomization  Consecutive cohort

Blinding No blinding because this cohort was treated without a comparison group
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Obtained by a colleague. Original source ATCC.
Authentication Not authenticated
Mycoplasma contamination Confirmed negative for mycoplasma.

Commonly misidentified lines  Not applicable
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All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Not applicable. Individual FDA ealNDs.

Study protocol Not a clinical trial. Protocol included in the manuscript
Data collection Each case is an individual FDA ealND. Therefore clinical data is in the clinical chart.
Outcomes Not applicable
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Seed stocks Not applicable

Novel plant genotypes  Not applicable
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