SANDIA REPORT

SAND2020-9939 Sandia
Printed September 2020 National
Laboratories

Diversified Therapeutic Phage
Cocktails from Close Relatives of
the Target Bacterium

Kelly P. Williams
Catherine M. Mageeney
Steven S. Branda

Raga Krishnakumar
Anupama Sinha

Prepared by

Sandia National Laboratories
Albuquerque, New Mexico
87185 and Livermore,
California 94550




Issued by Sandia National Laboratories, operated for the United States Department of Energy by National
Technology & Engineering Solutions of Sandia, LLC.

NOTICE: This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government, nor any agency thereof, nor any of their employees, nor any of
their contractors, subcontractors, or their employees, make any warranty, express or implied, or assume any legal
liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represent that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States Government, any agency
thereof, or any of their contractors or subcontractors. The views and opinions expressed herein do not necessarily
state or reflect those of the United States Government, any agency thereof, or any of their contractors.

Printed in the United States of America. This report has been reproduced directly from the best available copy.
Available to DOE and DOE contractors from

U.S. Department of Energy
Office of Scientific and Technical Information

P.O. Box 62

Oak Ridge, TN 37831

Telephone: (865) 576-8401
Facsimile: (865) 576-5728

E-Mail: reports(@osti.gov

Online ordering:  http://www.osti.gov/scitech

Auvailable to the public from
U.S. Department of Commerce
National Technical Information Setrvice
5301 Shawnee Rd
Alexandtia, VA 22312

Telephone: (800) 553-6847

Facsimile: (703) 605-6900

E-Mail: orders@atis.gov

Online order: https://classic.ntis.cov/help/order-methods

JINNSE

National Nuclear Security Administration




ABSTRACT

This project tackles the antibiotic resistance crisis, developing a new method for discovering
numerous efficacious bacteriophages for therapeutic cocktails against bacterial pathogens. The
phage therapy approach to infectious disease, recently rekindled in U.S. medicine, requires
numerous phages for each bacterial pathogen. Our approach 1) uses Sandia-unique software to
identify dormant phages (prophages) integrated into bacterial chromosomes, 2) identifies
prophage-laden bacteria that are close relatives of the target pathogenic strain to be killed, and
3) engineers away properties of these phages that are undesirable for therapy. We have
perfected our phage-finding software, implemented our phage therapy strategy by targeting the
pathogen Psendomonas aeruginosa, and prepared new software to assist the phage engineering.
We then turned toward Burkholderia pathogens, aiming to overcome the difficulty to transform
these bacteria with a novel phage conjugation approach. Our work demonstrates the validity of
a new approach to phage therapy for killing antibiotic resistant pathogens.
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1. SOFTWARE FOR DETECTING PROPHAGES INTEGRATED WITHIN
BACTERIAL CHROMOSOMES

Please see our recent publication describing the combined use of our Islander and TIGER software
for finding and precisely mapping prophages: [1] Mageeney CM, Lau BY, Wagner JM, Hudson CM,
Schoeniger JS, Krishnakumar R, Williams KP. 2020. New candidates for regulated gene integrity
revealed through precise mapping of integrative genetic elements. Nucleic Acids Res. doi:
10.1093/nat/gkaal56.



2. NEW APPROACH TO PHAGE THERAPY

Please see our recent publication describing our new method for developing phage cocktails against
virtually any bacterial pathogen: [2] Mageeney CM, Sinha A, Mosesso RA, Medlin DL, Lau BY,
Rokes AB, Lane TW, Branda SS, Williams KP. 2020. Computational basis for on-demand
production of diversified therapeutic phage cocktails. mSystems 5:¢00659-20.



3. PHAGE THERAPY FOR A SECOND GROUP OF PATHOGENS, THE
BURKHOLDERIA CEPACIA COMPLEX

Having demonstrated our approach in Pseudomonas (section 2), we turned to another group of
pathogens, the Burkholderia cepacia complex. This target group was recommended to us by our
collaborator Robert Schooley, (Professor of Medicine in the Division of Infectious Diseases, Vice
Chair of the Department of Medicine, Co-Director of the International Core of the Center for
AIDS Research at UCSD and Senior Director for International Affairs for UCSD). Dr. Schooley is a
seminal figure in the reintroduction of phage therapy to U.S. medicine, and identified these bacteria
as a group in need of new phages for therapy, in cystic fibrosis patients and others. This target also
fit with the experience of team member Steve Branda in studying Burkholderia.

We identified phages from numerous Burkholderia strains and tested these phages for activity on the
same set of strains (Fig. 3-1). Attempting to engineer these phages as we had those for Pseudomonas
(section 2), we encountered difficulty transforming Burkholderia. We have devised a new approach to
deliver the engineered phage into Burkholderia, that we call phage conjugation (Fig. 3-2). We will use
the E. coli strain MFDpir [3] as a conjugation donor. Currently we have recently obtained MFDpir,
prepared repressor plasmid for a particular Burkholderia phage (40R) identified in Fig. 3-1, and
prepared the phage-cassette construct. When our lab shutdown is over, we will be able to test this
conjugation system.

Susceptibility to lysate from strain ID:

D Species Strain Isolation Source Gls Phages OTUs 1 2 3 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1| cenocepacia LMG 16656 CF patient BEI 11 2 1,3

2| cenocepacia LMG K56-2 CF patient BEI 9 1 30% - - - - - - - - - - s

3 cepacia ucB 717 Soil BEI 11 3 1,28 -

4 cepacia MSMB1829 Soil D.Wagner 10 4 12913 - - - - - - - -FHEHE - - - - - - -4

5 cepacia MSMB1824 Soil D.Wagner 6 4 23519 -

6 cepacia MSMB1061 Onion D.Wagner 9 5 5,12,16,17 -

7 cepacia MSMB1063 Soil D.Wagner 9 6 236,730 - - - - - - = = = - - - - - - - -B - -5
8 cepacia MSMB2211 Soil D.Wagner 7 3 10,25,38 - - - - - - - -B¥

9 cepacia MSMB648 Soil D.Wagner 7 51,10,33,39 - - -IEEEEEEEEEEEEEE -IEE - - - - - - - -
10 cepacia MSMB1533 Soil D.Wagner 12 3 1,18,40 - - -I#% -I#% -'% - - - - - & - - & 4 4
11 cepacia INT3-BP177 Soil D.Wagner 4 1 34 -

13| multivorans 249 Soil ATCC 11 3 1,3

14 mutivorans LMG 13010 CF patient ATCC 7 3 2,3

15 pyrrocinia LMG 14191 Soil ATCC O 0

16 stabilis LMG 14294 CF patient ATCC 6 1 2

12| vietnamiensis LMG 10929 Rice field soil BEI 9 2 5,28

17 Bec? ucsD_1 CF patient R. Schooley ? ? N.A.

18| thailandensis E264 Rice field soil LLNL 8 2 N.A.

19| thailandensis E421 Rice field soil LLNL 8 3 N.A.

20| thailandensis E426 Rice field soil LINL 5 1 NA. - - - # -

21| thailandensis DWS03 E264 mutant LLNL 7 1 NA - = = = = = = = = - - - < - - - - -

Figure 3-1. Phages from Burkholderia strains, tested on all Burkholderia strains
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Figure 3-1. Scheme for conjugating phages into Burkholderia. To protect the E. coli conjugation
donor from killing by each phage (phiX) to be transferred, the phiX repressor will be cloned into a
repressor plasmid. The body of the engineered phage genome will be constructed with a removeable
cassette contained an origin-of-transfer so that the phage can be transferred into a Burkholderia recipient
strain by conjugation. Due to the lack of relevant repressors in the cytoplasm of the recipient, the Cre
gene in the cassette will act on the cassette-flanking /ox sites, to remove the entire cassette and leave
only the phage genome; moreover the unrepressed phage will grow on the new host for isolation.
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