It is a remarkable pleasure for us to present this
special issue on anti-CRISPRs, which marks the
tenth anniversary of the publication describing
their discovery." The fact that “anti-CRISPR” is
now a field, with more than 250 publications on
the subject, that warrants a whole issue of JMB is
amazing to us. One has to be surprised to make
such a discovery! In addition, as is the case with
so many discoveries, we did not set out with the
goal of discovering anti-CRISPRs. Since the actual
route to discovery was too convoluted to fully relate
in any of our previous publications, we decided to
use this opportunity to tell the whole story. We feel
that it exemplifies the most fun and exciting part of
science: when you start a project, you never know
where it will lead.

CRISPR was not on our minds at all when Joe
started his Ph.D. work at the University of
Toronto. Joe’s project was to characterize a large
group of temperate phages that he isolated from
a collection of Pseudomonas aeruginosa (Pae)
strains. He noticed that when these phages were
integrated into their host genomes in the form of
prophages, the lysogenic bacteria became highly
resistant to many other phages.” We became intri-
gued by the anti-phage immune systems that might
be mediating this resistance.

At some time during 2011, we realized that the
Pae strain with which we were performing our
studies (called PA14) encoded a CRISPR-Cas
system. Although this was before the start of the
CRISPR-Cas9 genome editing revolution,®
CRISPR was already an exciting enough topic to
pique our interest. Fortunately, George O’Toole’s
lab at Dartmouth University had already done some
work on the type I-F CRISPR system in PA14
(known as the Yersinia subtype at that time). Sur-
prisingly, they found that this system did not block
phage replication even when the infecting phages
had exact matches to CRISPR spacers encoded
in the PA14 genome.” They also detected pro-
cessed CRISPR RNA molecules, so the system
should have been functional. We came up with a
hypothesis that some prophages might activate
the PA14 CRISPR-Cas system, which could impart
phage resistance to lysogens. Joe went to work in
Steve Lory’s lab at Harvard Medical School during
the summer of 2011 to learn how to do RNA
sequencing as a means to find out which genes
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were expressed from our prophages of interest.
By happy coincidence, while in Boston, Joe met
Kyle Cady, the graduate student who was working
on CRISPR in George O’'Toole’s lab at the Boston
Bacterial Meeting. Kyle had generated PA14
CRISPR array and cas gene deletion strains, which
he kindly provided to Joe so that he could bring
them home with him in the fall of 2011.

Once back in Toronto, Joe quickly proved that
our idea that prophages were activating the
CRISPR-Cas system was wrong. However, he
did notice that the presence of the CRISPR-Cas
system slightly attenuated the replication of a few
phages. This got us to thinking that the CRISPR-
Cas system might actually have some anti-phage
activity. We then remembered that Joe had
isolated at least 30 distinct phages that could not
replicate on strain PA14 but replicated well on
other Pae strains. With the revelatory idea that
some of these phages might be blocked by the
PA14 CRISPR-Cas system, Joe quickly tested
their replication on the mutant PA14 strain lacking
its CRISPR arrays. He found three phages that
could replicate on the PA14 ACRISPR strain, but
not on the wild-type strain. This result
demonstrated that the CRISPR-Cas system of
PA14 did indeed act as an anti-phage system.
We immediately called George and Kyle to tell
them the exciting news and found that they had
just made the same discovery by creating a
perfect match between the DMS3 phage and a
native spacer, which we wrote up with them in a
collaborative paper.®

Now that we had a functioning CRISPR-Cas
system and phages that were sensitive to it, our
attention turned back to prophages. We wondered
again whether the presence of prophages might
affect CRISPR-Cas activity, but as an inhibitor
rather than activator. To address this, Joe tested
the replication of three CRISPR-sensitive phages
on the 44 different PA14 lysogens that he had
already investigated. Stunningly, Joe found three
lysogens on which the CRISPR-sensitive phages
were able to replicate. This result immediately
told us that the prophages in these strains must
express an inhibitor of the CRISPR-Cas system.
We have often spoken of the exhilaration that we
felt staring at the phage-induced zones of clearing
on those three plates because we knew
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immediately that it was a big discovery. After this
initial experiment, it took less than two months to
identify five anti-CRISPR gene families, and
seven months later the paper describing this work
was submitted.

After discovering the first group of anti-CRISPRs,
the next question was how to find more of them.
We were able to find four gene families encoding
anti-CRISPRs inhibiting the Pae type I-E
CRISPR-Cas system because they were in the
same phage operons as those encoding the
original type I-F anti-CRISPRs.° However,
sequence-based searching with the anti-CRISPR
proteins did not reveal any new anti-CRISPR
genes outside of a small group Pae phages. The
key to finding many more anti-CRISPR families
was uncovered by April Pawluk in our group who
exploited the presence of conserved transcriptional
regulators (anti-CRISPR associated, or Aca pro-
teins) associated with anti-CRISPR genes. Using
what has become known as the “guilt by associa-
tion” method, April discovered new anti-CRISPR
families by testing proteins encoded adjacent to
aca genes. This led to the discovery of diverse fam-
ilies of anti-CRISPRs blocking type I-F systems,’
and ultimately to three families of anti-CRISPRs
inhibiting CRISPR-Cas9 systems.® Subsequently,
the guilt by association approach combined with
the identification of self-targeting spacers, led to
the discovery of the first S. pyogenes Cas9
inhibitors” and the first anti-CRISPR blocking
Cas12.' Since then, more than 90 families of
anti-CRISPRs that block 13 different types of
CRISPR-Cas systems have been discovered. In
this issue, Makarova et al. review the computa-
tional approaches that have been used to predict
anti-CRISPRs."" Since computational procedures
may not be capable of finding all anti-CRISPRs,
purely experimental approaches are also needed.
Forsberg provides a general review of anti-
CRISPR discovery including approaches involving
functional selections, which allow the discovery of
anti-CRISPRs that are atypical in sequence and/
or genomic location.'?

The other initial question relating to anti-
CRISPRs was how they work. We provided the
first in vitro analyses of anti-CRISPR
mechanisms, demonstrating inhibition of DNA-
binding or cleavage,'® and the first structure of an
anti-CRISPR protein.'* These studies were quickly
followed by many more structural and mechanistic
studies of anti-CRISPRs. Studies pertaining to type
I, type Il, and type V anti-CRISPRs are reviewed
here by Yin et al.,' Hwang and Maxwell,'® and
Marino,"” respectively. A new research paper
describing the mechanism of an anti-CRISPR that
blocks type 1I-C CRISPR-Cas systems is also
included.'® The final question that is covered in this
issue is how anti-CRISPRs affect the ecology and
evolution of phages. Pons et al. review the com-
plexities involved in attempting to understand the

impact of anti-CRISPRs on the evolution of phages
and CRISPR-Cas systems.'®

The ongoing battle between hosts and parasites
is often described as an “evolutionary arms race”
where mutations conferring an advantage to one
adversary are countered by compensatory
mutations in the other. These arms races are
ubiquitous in biology, with the battle between
viruses and anti-viral immune systems being a
prime example. The anti-CRISPR versus
CRISPR-Cas struggle is now probably the most
intensively studied interaction involving an
immune system and its virally encoded proteins
inhibitors. As such anti-CRISPRs will serve as a
paradigm for future studies on similar systems. Of
particular  relevance, a hugely exciting
development in recent years has been the
discovery of dozens of new bacterial anti-phage
systems, many of which are directly related to
human innate immune systems.”> > Phage pro-
teins that inactivate these systems are also being
rapidly discovered,”*“° and future studies on these
proteins will certainly be guided by the accumulated
knowledge pertaining to anti-CRISPRs. Another
important aspect of anti-CRISPRs is their potential
to improve genome editing technologies.?’*®
Finally, the potential of phages for curing antibi-
otic-resistant bacterial infections is starting to be
realized.”® " Since CRISPR-Cas systems are
found in ~40% of bacterial genomes,** arming
phages with Acrs will be crucial for the design of
robust phage-based therapeutics. For all these rea-
sons, we feel that this JMB issue on anti-CRISPRs
is timely and will stimulate important and impactful
future studies.

References

1. Bondy-Denomy, J., Pawluk, A., Maxwell, K.L., Davidson, A.
R., (2013). Bacteriophage genes that inactivate the
CRISPR/Cas bacterial immune system. Nature 493, 429—
432.

2. Bondy-Denomy, J., Qian, J., Westra, E.R., Buckling, A,
Guttman, D.S., Davidson, A.R., (2016). Prophages mediate
defense against phage infection through diverse
mechanisms. ISME J.

3. Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.
A., Charpentier, E., (2012). A programmable dual-RNA-
guided DNA endonuclease in adaptive bacterial immunity.
Science 337, 816—821.

4. Cady, K.C., White, A.S., Hammond, J.H., Abendroth, M.D.,
Karthikeyan, R.S., Lalitha, P., (2011). Prevalence,
conservation and functional analysis of Yersinia and
Escherichia CRISPR regions in clinical Pseudomonas
aeruginosa isolates. Microbiology 157, 430-437.

5. Cady, K.C., Bondy-Denomy, J., Heussler, G.E., Davidson,
A.R., OToole, G.A., (2012). The CRISPR/Cas adaptive
immune system of Pseudomonas aeruginosa mediates
resistance to naturally occurring and engineered phages. J
Bacteriol 194, 5728-5738.

6. Pawluk, A., Bondy-Denomy, J., Cheung, V.H., Maxwell, K.
L., Davidson, A.R., (2014). A new group of phage anti-


http://refhub.elsevier.com/S0022-2836(23)00114-6/h0005
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0005
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0005
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0005
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0010
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0010
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0010
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0010
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0015
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0015
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0015
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0015
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0020
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0020
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0020
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0020
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0020
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0025
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0025
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0025
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0025
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0025
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0030
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0030

J. Bondy-Denomy, K.L. Maxwell and A.R. Davidson

Journal of Molecular Biology 435 (2023) 168058

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

CRISPR genes inhibits the type I-E CRISPR-Cas system of
Pseudomonas aeruginosa. mBio 5, e00896.

. Pawluk, A., Staals, R.H., Taylor, C., Watson, B.N., Saha,

S., Fineran, P.C., (2016). Inactivation of CRISPR-Cas
systems by anti-CRISPR proteins in diverse bacterial
species. Nat Microbiol 1, 16085.

. Pawluk, A., Amrani, N., Zhang, Y., Garcia, B., Hidalgo-

Reyes, Y., Lee, J., (2016). Naturally Occurring Off-
Switches for CRISPR-Cas9. Cell 167, 1829-1838.e9.

. Rauch, B.J., Silvis, M.R., Hultquist, J.F., Waters, C.S.,

McGregor, M.J., Krogan, N.J., (2017). Inhibition of
CRISPR-Cas9 with Bacteriophage Proteins. Cell 168,
150-158.e10.

Marino, N.D., Zhang, J.Y., Borges, A.L., Sousa, A.A., Leon,
L.M., Rauch, B.J., (2018). Discovery of widespread type |
and type V CRISPR-Cas inhibitors. Science 362, 240-242.
Makarova, K.S., Y, LW., E, V.K. (2023). In silico
approaches for prediction of anti-CRISPR proteins. J Mol
Biol, 168036.

Forsberg, K.J., (2023). Anti-CRISPR Discovery: Using
Magnets to Find Needles in Haystacks. J Mol Biol, 167952.
Bondy-Denomy, J., Garcia, B., Strum, S., Du, M., Rollins,
M.F., Hidalgo-Reyes, Y., (2015). Multiple mechanisms for
CRISPR-Cas inhibition by anti-CRISPR proteins. Nature
526, 136—-139.

Maxwell, K.L., Garcia, B., Bondy-Denomy, J., Bona, D.,
Hidalgo-Reyes, Y., Davidson, A.R., (2016). The solution
structure of an anti-CRISPR protein. Nat Commun 7,
13134.

Yin, P., Zhang, Y., Yang, L., Feng, Y., (2023). Non-
canonical inhibition strategies and structural basis of anti-
CRISPR proteins targeting type | CRISPR-Cas systems. J
Mol Biol, 167996.

Hwang, S., Maxwell, K.L., (2023). Diverse Mechanisms of
CRISPR-Cas9 Inhibition by Type Il Anti-CRISPR Proteins.
J Mol Biol, 168041.

Marino, N.D., (2023). Phage against the machine:
discovery and mechanism of type V anti-CRISPRs. J Mol
Biol, 168054.

Hwang, S., Shah, M., Garcia, B., Hashem, N., Davidson, A.
R., Moraes, T.F., (2023). Anti-CRISPR Protein AcrlIC5
Inhibits CRISPR-Cas9 by Occupying the Target DNA
Binding Pocket. J Mol Biol, 167991.

Pons, B.J., van Houte, S., Westra, E.R., Chevallereau, A.,
(2023). Ecology and evolution of phages encoding anti-
CRISPR proteins. J Mol Biol, 167974.

Millman, A., Melamed, S., Leavitt, A., Doron, S., Bernheim,
A., Hor, J., (2022). An expanded arsenal of immune
systems that protect bacteria from phages. Cell Host
Microbe 30, 1556—1569.e5.

Johnson, A.G., Wein, T., Mayer, M.L., Duncan-Lowey, B.,
Yirmiya, E., Oppenheimer-Shaanan, Y., (2022). Bacterial
gasdermins reveal an ancient mechanism of cell death.
Science 375, 221-225.

Ofir, G., Herbst, E., Baroz, M., Cohen, D., Millman, A,
Doron, S., (2021). Antiviral activity of bacterial TIR domains
via immune signalling molecules. Nature 600, 116—120.
Bernheim, A., Millman, A., Ofir, G., Meitav, G., Avraham,
C., Shomar, H., (2021). Prokaryotic viperins produce
diverse antiviral molecules. Nature 589, 120—124.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Department

Huiting, E., Cao, X., Ren, J., Athukoralage, J.S., Luo, Z.,
Silas, S., (2023). Bacteriophages inhibit and evade cGAS-
like immune function in bacteria. Cell.

Leavitt, A., Yirmiya, E., Amitai, G., Lu, A., Garb, J., Herbst,
E., (2022). Viruses inhibit TIR gcADPR signalling to
overcome bacterial defence. Nature 611, 326-331.
Hobbs, S.J., Wein, T., Lu, A., Morehouse, B.R., Schnabel,
J., Leavitt, A., (2022). Phage anti-CBASS and anti-Pycsar
nucleases subvert bacterial immunity. Nature 605, 522—
526.

Matsumoto, D., Kishi, K., Matsugi, E., Inoue, Y.,
Nigorikawa, K., Nomura, W., (2023). Cas9-Geminin and
Cdt1-fused anti-CRISPR protein synergistically increase
editing accuracy. FEBS Lett.

Lee, J., Mou, H., Ibraheim, R., Liang, S.Q., Liu, P., Xue, W.,
(2019). Tissue-restricted genome editing in vivo specified
by microRNA-repressible anti-CRISPR proteins. RNA 25,
1421-1431.

Aslam, S., Lampley, E., Wooten, D., Karris, M., Benson, C.,
Strathdee, S., (2020). Lessons Learned From the First 10
Consecutive Cases of Intravenous Bacteriophage Therapy
to Treat Multidrug-Resistant Bacterial Infections at a Single
Center in the United States. Open Forum Infect Dis 7,
ofaa389.

Dedrick, R.M., Guerrero-Bustamante, C.A., Garlena, R.A.,
Russell, D.A., Ford, K., Harris, K., (2019). Engineered
bacteriophages for treatment of a patient with a
disseminated drug-resistant Mycobacterium abscessus.
Nat Med 25, 730-733.

Schooley, R.T., Biswas, B., Gill, J.J., Hernandez-Morales,
A., Lancaster, J., Lessor, L., (2017). Development and Use
of Personalized Bacteriophage-Based Therapeutic
Cocktails To Treat a Patient with a Disseminated
Resistant Acinetobacter baumannii Infection. Antimicrob
Agents Chemother 61

Makarova, K.S., Wolf, Y.l., Iranzo, J., Shmakov, S.A,,
Alkhnbashi, O.S., Brouns, S.J.J., (2019). Evolutionary
classification of CRISPR-Cas systems: a burst of class 2
and derived variants. Nat Rev Microbiol.

Joseph Bondy-Denomy
of  Microbiology, University of

California San Francisco, San Francisco, CA, USA
E-mail address: joseph.bondy-denomy @ ucsf.edu

Karen L. Maxwell

Department of Biochemistry, University of Toronto,
Toronto, Ontario, Canada

Department of Biochemistry,
Molecular

E-mail address: karen.maxwell @ utoronto.ca

Alan R. Davidson
Department of

Genetics, University of Toronto,

Toronto, Ontario, Canada

E-mail address: alan.davidson @ utoronto.ca


http://refhub.elsevier.com/S0022-2836(23)00114-6/h0030
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0030
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0035
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0035
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0035
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0035
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0040
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0040
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0040
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0045
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0045
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0045
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0045
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0050
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0050
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0050
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0055
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0055
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0055
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0060
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0060
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0065
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0065
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0065
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0065
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0070
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0070
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0070
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0070
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0075
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0075
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0075
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0075
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0080
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0080
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0080
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0085
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0085
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0085
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0090
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0090
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0090
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0090
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0095
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0095
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0095
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0100
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0100
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0100
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0100
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0105
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0105
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0105
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0105
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0110
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0110
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0110
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0115
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0115
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0115
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0120
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0120
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0120
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0125
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0125
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0125
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0130
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0130
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0130
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0130
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0135
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0135
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0135
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0135
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0140
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0140
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0140
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0140
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0145
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0145
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0145
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0145
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0145
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0145
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0150
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0150
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0150
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0150
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0150
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0155
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0155
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0155
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0155
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0155
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0155
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0160
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0160
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0160
http://refhub.elsevier.com/S0022-2836(23)00114-6/h0160
mailto:joseph.bondy-denomy@ucsf.edu
mailto:karen.maxwell@utoronto.ca
mailto:alan.davidson@utoronto.ca

	Ten Years of Anti-CRISPR Research
	References


