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Innate immune cells destroy pathogens within a transient organ-
elle called the phagosome. When pathogen-associated molecular
patterns (PAMPs) displayed on the pathogen are recognized by
Toll-like receptors (TLRs) on the host cell, it activates inducible
nitric oxide synthase (NOS2) which instantly fills the phagosome
with nitric oxide (NO) to clear the pathogen. Selected pathogens
avoid activating NOS2 by concealing key PAMPs from their cog-
nate TLRs. Thus, the ability to map NOS2 activity triggered by
PAMPs can reveal critical mechanisms underlying pathogen suscep-
tibility. Here, we describe DNA-based probes that ratiometrically re-
port phagosomal and endosomal NO, and can be molecularly
programmed to display precise stoichiometries of any desired PAMP.
By mapping phagosomal NO produced in microglia of live zebrafish
brains, we found that single-stranded RNA of bacterial origin acts as a
PAMP and activates NOS2 by engaging TLR-7. This technology can be
applied to study PAMP—TLR interactions in diverse organisms.

nitric oxide synthase-2 (NOS2) | live imaging | phagosome | nitric oxide |
microglia

Innate immune cells destroy pathogens by ingesting and trap-
ping them within a transient, subcellular organelle called the
phagosome (1, 2). The phagosome rapidly develops into a lethal
hotspot of noxious chemicals such as reactive oxygen species
(ROS) and nitric oxide (NO) that are produced by enzymes. In
mammals, ROS is produced by reduced nicotinamide-adenine
dinucleotide phosphate (NADPH) oxidase (NOX), while NO
can be produced by three different isoforms of NO synthases
(NOS): neuronal NOS (nNOS or NOS1), inducible NOS (iNOS
or NOS2), and endothelial NOS (eNOS or NOS3) (3, 4). NOS1
and NOS3 are constitutively active. NOS1 is preferentially expressed
in neurons and plays an important role in synaptic plasticity (5).
NOS3 is expressed in endothelial cells where its activity is critical for
vasodilation (6). NOS2 is majorly expressed in immune cells and is
pivotal to neutralizing microbes within host phagosomes (7). Due to
their differential susceptibilities to ROS and NO, different microbes
are neutralized to different extents in the phagosome (7). We de-
scribe a DNA-based trigger-and-detect technology, that reports on
NOS2 activity by mapping phagosomal NO in microglia of live
zebrafish brains. By displaying various pathogen-associated molecular
patterns (PAMPs) on these DNA-based reporters and mapping
phagosomal NOS2 activity, we found that single-stranded RNAs
(ssRNAs) of bacterial origin act as PAMPs in zebrafish. We identified
in zebrafish, a putative Toll-like receptor (TLR), TLR-7, as the
cognate receptor that activates NOS2.

Innate immune cells target pathogens for destruction by rec-
ognizing them through an array of endosome-resident or plasma
membrane-resident receptors called pattern recognition recep-
tors (PRRs) such as TLRs, RIG-like receptors, or NOD-like
receptors (8). PRRs recognize conserved structural motifs of
molecules present in the pathogen termed PAMPs (9). For ex-
ample, TLR-4, TLR-3, and TLR-9 detect bacterial lipopolysac-
charide (LPS), viral RNA (double-stranded RNA [dsRNA]), and
bacterial DNA (CpG DNA), respectively (10). When a TLR
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receptor recognizes its cognate PAMP, it initiates the TLR sig-
naling cascade to activate NOS2 at the phagosome. When
macrophages are challenged with immunogens such as Myco-
bacterium smegmatis or CpG-containing sequences, there is an
initial burst of NO within the first hour (11). This is followed by a
second phase of NO production that lasts for hours over tran-
scriptional time scales due to NOS2 expression induced by the
transcription factor NF-xB as a result of TLR stimulation
(11-13). The ability to directly map the initial burst of phag-
osomal NO in vivo could provide a new avenue to identify
mechanisms that are operational at the early stages of pathogen
infection.

NO produced due to PAMP-PRR recognition is generally
quantified by the Griess assay that leverages the spontaneous
oxidation of NO to nitrite (NO,™) which is then converted to
nitrous acid (HONO), the detected species (14). Currently, the
Griess assay detects NO in the extracellular milieu and does not
provide single-cell-level information. Excellent small-molecule
detection chemistries are available for NO, but the reacted probe
molecules diffuse rapidly, obscuring spatial information (15, 16).
Although such probes can be targeted to the lysosome using
protonatable morpholine derivatives, it is difficult to address
whether the probe molecules localize before or after reacting
with NO (17). Additionally, both NOS2 activity and morpholine-
based targeting are highly dependent on organellar pH. Thus it is
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difficult to distinguish between NO production efficiency and
probe targeting efficiency (18). Current protein-based NO re-
porters lack the specificity and sensitivity of small-molecule
probes, are pH sensitive, and need millimolar levels of Iron(II)
supplementation for their function, thus precluding their utility
in live-animal imaging (19).

We have recently described a DNA-based reporter technology
called NOckout to quantify NO produced by NOS3 at the plasma
membrane or in the trans-Golgi apparatus in cultured cells (20).
This reporter combines the advantages of small-molecule probes
with the stable spatial localization afforded by proteins (20).
Here, we modify NOckout to display well-defined nucleic acid-
based PAMPs in addition to displaying NO detection chemistry,
and a different reference fluorophore better suited to in vivo
imaging for quantitative ratiometry. All three functionalities can
be integrated in a well-defined stoichiometry onto a single as-
sembly by hybridizing complementary DNA strands, each bear-
ing one of the functionalities. Thus, the resultant assembly is a
DNA duplex that is recognized in the living brain as fragmented
self-DNA, packaged into apoptotic bodies, which are then phago-
cytosed by microglia resident in the brain and thereby targeted to
microglial phagosomes where they report on NOS2 activity.

We describe a series of NOckout probes, each displaying a
different nucleic-acid based PAMP, but with identical NO de-
tection characteristics. Only when specific PAMPs are displayed
on NOckout probes do they trigger NOS2 activity. This allows
one to assay NO levels due to NOS2 activation in situ in late
endosomes (LEs) of cultured cells or in phagosomes of live
zebrafish brains. We show that phagosomal NO is produced due

to the engagement of a specific TLR by the PAMP on the
NOckout probe (Fig. 14). We applied this approach to show that
ssRNAs derived from pathogenic sources activate NOS2 by
engaging TLR-7.

Design, Sensitivity, and Specificity of NOckout Probes

We designed a series of ratiometric, fluorescent NO-sensitive
DNA-based probes denoted NOckout”, where fn denotes a
functional DNA or RNA sequence that can potentially be a
PAMP (Fig. 1B). The basic NOckout device comprises three
modules, namely, the NO detection chemistry, a normalizing dye
for ratiometric quantitation of NO, and a duplex DNA motif for
internalization by specific cell types and stable compartmental
localization thereafter (Fig. 1B). NOckout variants comprise a
24-base pair DNA duplex composed of two strands, S1 and S2,
bearing four functionalities (Fig. 1B and SI Appendix, Table S1).
The first is an NO-sensing dye based on diaminorhodamine
(DAR) (21) which is attached via a polyethylene glycol linker to
the 5’ end of S1 (SI Appendix, Scheme S1) (20). DAR is
quenched due to intramolecular photoinduced electron transfer
(PeT) from the aromatic diamino group (OFF state, ¢ = 0.0005,
¢.6 ~ 39 M~'.cm™; Fig. 1C). Reaction with NO leads to a highly
fluorescent triazole (DAR-T) due to relief of PeT (ON state, ¢ =
0.42, ¢.& ~ 13,405 M~".cm™'; Fig. 1C). DAR-T is highly photo-
stable and bright, and its fluorescence is pH invariant (21).

The second functionality is a normalizing dye ATTO647N
(A647) attached to the 5’-end of the S2 strand (Fig. 1B and S/
Appendix, Scheme S1). A647 is the normalizing fluorophore,
chosen for its pH insensitivity, molar brightness (¢ = 0.65,
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Fig. 1. Design, sensitivity, and specificity of NOckout probes. (A) Schematic of TLR-mediated NOS2 activation by NOckout™. NOckout™, displaying a
functional PAMP (Fn, blue), is phagocytosed and binds its cognate TLR-receptor (green hook) to activate NOS2 (green circle) and elevate phagosomal NO
levels. (B) Schematic of the design of NOckout and NOckout™ probes. NOckout is assembled from an ssDNA (24-mer) carrying an NO-sensing fluorophore
(DAR, green circle) and a cDNA strand displaying a normalizing fluorophore (A647, red circle). NOckout™ carries a functional (Fn) immunostimulatory CpG
DNA or RNA motif as an overhang specific to mouse (NOckout™ S or NOckout™N*) or zebrafish TLR receptors (NOckout?PS or NOckout ™). (C) Reaction
with NO turns the nonfluorescent DAR probe (off-state) on NOckout into the highly fluorescent DAR-T (on-state). (D) Fluorescence spectra of NOckout (250
nM) in sodium phosphate buffer (pH 6.0, 50 mM) recorded in the DAR channel (green, Aex = 550 NmM, Aem = 575 nm) and in the A647 channel (hex = 645 nm,
hem = 660 nm) before (red) and after (blue) the addition of diethylamine NONOate (DEA NONOate, 50 pM, pH 6.0). Spectra in the DAR channel (G) were
recorded in 30-s intervals (green traces). (E) Representative kinetic trace of NOckout in the DAR channel with (red) and without (black) DEA NONOate (50 pM,
pH 6.0). Intensity in A647 channel before and after addition of DEA NONOate is shown in blue and green, respectively. (F) Fold change of NOckout rep-
resented as G/R values in pH 5, pH 6, and pH 7 buffers. (G) In vitro specificity of NOckout against various ROS and RNS. NOckout (250 nM, pH 6.0) was in-
cubated with NO (50 uM of DEA NONOate), HOCI (5 pM), H,O; (100 pM), O~ (100 pM), OH- (100 pM), and NO,~ (100 uM) for 6 min at room temperature, and
the intensities were plotted as (G/R) values corresponding to DAR (G) to that of A647 (R). Error bars are SDs for n = 3 independent trials.
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d.e ~ 97,500 M~".cm™"), and chemical inertness toward ROS and
reactive nitrogen species (RNS). All NOckout variants were as-
sembled in near-quantitative yields by annealing equimolar ratios
of S1 and S2 strands and characterized by gel electrophoresis (SI
Appendix, Fig. S3).

The third functionality in every NOckout variant is a dsDNA
module responsible for targeting the nanodevice into phag-
osomes of microglia in live zebrafish brains. This is essentially
the 24-base pair DNA duplex formed by the hybridization of S1
and S2. This DNA duplex also facilitates endocytosis of all
NOckout variants by macrophages in culture through the scav-
enger receptor-mediated endocytosis pathway (22, 23).

The fourth functionality in all NOckout variants is an immu-
nogenic oligodeoxynucleotide (ODN) or oligoribonucleotide
(ORN) phosphorothioate sequence denoted fn, and the resultant
devices are denoted NOckout™. The ODN or ORN sequence in
NOckout™ devices is located at the 3’ end of S2 as single-
stranded overhangs in the basic NOckout device (Fig. 1B and
SI Appendix, Table S1). The ODN sequences 1826 and 2007 are
well-characterized CpG sequences and agonists for specific
TLRs in mouse and in zebrafish, respectively (13, 24). They
trigger murine TLR-9 and zebrafish TLR-9/21 and, for clarity,
are denoted mCpG and zCpG, respectively (Fig. 1B). The cor-
responding NOckout™ devices are denoted NOckout™*“ and
NOckout* P respectively. Control ODN sequences were also
used to create NOckout™ " and NOckout”P devices. The se-
quences in these controls had the same base composition as
mCpG and zCpG, but the CpG motifs were replaced with non-
immunostimulatory GpC motifs (Fig. 1B). Similarly, we created
NOckout™* displaying an immunostimulatory ribosomal RNA
(iRNA) sequence of bacterial origin documented to activate the
recently characterized mouse TLR-13 receptor (25, 26). A non-
immunostimulatory control, called NOckout™, incorporated the
same sequence with a single A to G point mutation (Fig. 1B). An
important consideration in the design of NOckout™ probes is that
the lumen of every LE or phagosome of interest encounters the
trigger and detector simultaneously. This means that the time be-
tween receptor engagement and NO detection is tightly controlled,
which allows one to compare NO signals across endosomes or
phagosomes at any given time.

To check the response characteristics of these NOckout vari-
ants to NO in vitro, we added the NO donor DEANONOate (50
pM) to 250 nM NOckout in phosphate buffer, pH 6.0, and
monitored DAR-T and A647 fluorescence intensities as a func-
tion of time. DAR fluorescence (G) increased rapidly upon NO
addition, and the time required for 50% reaction (t;,) under
these conditions was ~30 s (Fig. 1D). The intensity of A647 (R)
remained constant as a function of time (Fig. 1 D and E), and the
ratio of DAR/A647 fluorescence intensities, that is, the G/R
ratio, showed a ~6.0-fold change upon complete reaction of the
sensor (Fig. 1F). The NO response characteristics of all of the
NOckout devices were similar within error and were insensitive
to pH from pH 5 to 7.4 (Fig. 1F and SI Appendix, Figs. S4 and
S5). They are thus suitable to map NO in acidic organelles.

All NOckout variants proved highly specific to NO over other
reactive species both in vitro and in cells. The response of
NOckout to 100 uM each of various ROS, that is, H,O,, O,*",
and OH®, was tested by measuring the in vitro fold change in
G/R before and after addition of indicated reactive species. Just
like the parent small-molecule NO probes DAR and DAF,
NOckout, too, showed very high in vitro specificity for NO over
other ROS (Fig. 1G).

To check the specificity of NOckout to NO in cells, endosomes
of J774A.1 macrophages primed with LPS were labeled with
NOckout and imaged in the DAR (G) and A647 (R) channels
from where the G/R maps were obtained as described (Fig. 24
and Materials and Methods). Macrophages express scavenger
receptors that bind and traffic dsSDNA along the endolysosomal
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pathway (22). They also express the ROS- and NO-producing
enzymes, NOX (27), myeloperoxidase (MPO), and NOS2 (28).
Priming macrophages either with CpG oligonucleotides or en-
dotoxins such as LPS induces the expression of NOS2 (SI Ap-
pendix, Figs. S8 and S9).

The in-cell specificity of NOckout was then evaluated by
measuring the contribution of the reactive species produced by
NOX, MPO, and NOS2 to the observed fold change in G/R ratio.
We found that, if NOckout displayed no functional immunogenic
sequence, it shows negligible NOS2 activation. Therefore, in order to
trigger NOS2 activity for these experiments, the cells had to be ex-
plicitly activated by LPS treatment. We incubated J774A.1 cells
primed with LPS, labeled with NOckout in the presence and absence
of VAS2870 (29), 4-aminobenzoic acid hydrazide (ABAH) (30), or
1400W (31) that pharmacologically inhibit NOX, MPO, and NOS2,
respectively (SI Appendix, Figs. S10 and S11). Fig. 2D shows the
distribution of NOckout signal (G/R) from ~200 endosomes for each
experiment. The 1400W treatment significantly reduced G/R signal
when compared to untreated cells (Fig. 2D). This was reconfirmed
upon inhibiting NOS2 with L-NAME, a pan NOS blocker (S Ap-
pendix, Fig. S13). Inhibiting NOX or MPO did not affect NOckout
response, ruling out the contribution of ROS to the observed G/R
signal (Fig. 2D and SI Appendix, Fig. S11).

NOckout™ Devices Trigger NOS2 Activity in Microglia

Given that NOckout did not trigger NOS2 activity, we modified it
to display CpG DNA and RNA sequences that function as
PAMPs in order to engage the endosomal TLRs of the host cell
and thereby activate NOS2 (Fig. 1 4 and B). Nucleic acid-based
PAMPs are recognized by the innate immune system through
specific PRRs, namely TLRs (8). Specific TLRs recognize
structurally distinct nucleic acid PAMPs present in “non—self-
DNA” or “non—self-RNA” (32). Non-self-DNA is endocy-
tosed by innate immune cells through scavenger receptors and is
recognized by endosome-resident TLR-9, while non—self-RNA
is recognized by TLR-7/8 or TLR-3, subsequently activating
NOS2 and NOX (33-35).

We displayed mCpG, a ligand for murine TLR-9, on NOckout
to give NOckout™ . NOckout™"“ is internalized by macro-
phages from the extracellular milieu by scavenger receptor-
mediated endocytosis. Based on the mechanism of action of
mCpG, endosomal NOckout™P° is expected to engage TLR-9,
activate NOS2, and elevate NO in endosomes within 2 h of ac-
tivation (Fig. 14). We incubated NOckout™ " (500 nM) with
primary mouse microglia for 90 min in the presence and absence
of 1400W, and NOckout signals (G/R) of ~100 individual endo-
somes from ~50 cells were computed (Fig. 2 B and E). This
revealed much higher levels of NO in endosomes and was compa-
rable to the levels observed for LPS activation. The population of
NO-rich endosomes was significantly enhanced in microglia treated
with NOckout™ ™ (Fig. 2F). Next, the CpG motif in NOckout"
was substituted with a nonimmunostimulatory GpC motif that does
not engage TLR-9, that is, a single base swap, to give NOckout™C.
This variant led to an overall reduction in NO-rich endosome
population indicating that the mCpG moiety in NOckout" P ac-
tivates NOS2 (Fig. 2E). Next, colocalization studies were conducted
to verify the identity of the compartments in J774A.1 cells con-
taining NOckout. The time at which the steady-state NO mea-
surements were performed was 90 min postpulsing. At 90 min,
NOckout showed >60% colocalization with the late endosomal
marker fluorescein isothiocyanate-labeled ovalbumin (S7 Appendix,
Fig. S154). Immunofluorescence with anti—-LAMP-1 showed that
no lysosomes were labeled (SI Appendix, Fig. S15B). Thus, NOckout
probes predominantly measure NO in LEs of J774A.1 cells.

Next, we quantified the immunogenicity of the various PAMPs
alone and when they are displayed on NOckout™ probes by
detecting TNF-a levels arising from TLR stimulation. We
treated J774A.1 cells with each PAMP motif, for example,
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mCpG, zCpG, RNA, or iRNA and their corresponding NOckout
display variant and quantified TNF-a in the extracellular milieu
by enzyme-linked immunosorbent assay (ELISA) (SI Appendix,
Fig. S14 and Materials and Methods). Plain NOckout, devoid of
any PAMP, did not generate TNF-a beyond basal levels in cell
culture. This correlates well with our finding that NOckout alone
does not activate NOS2. NOckout™ " and NOckout™* treat-
ment led to high TNF-a production. Importantly, these con-
structs were as immunogenic as the corresponding PAMP alone,
indicating that PAMP display on the NOckout scaffold does not
appreciably alter the immunogenicity of the PAMP. One base
swap of CpG to GpC or single A to G mutation, that each
converts the PAMPs to nonimmunogenic motifs in either
NOckout™®PC or NOckout™ 4, led to a dramatic reduction in
TNF-a levels when the cells were treated with these probes.
These supported our findings that the nonimmunogenic mGpC
and RNA motifs alone were incompetent at TNF-a production
(SI Appendix, Fig. S14). Importantly, NOckout probes do not
stimulate their cognate TLR indefinitely. This is because, beyond
2 h in cell culture, the probe is degraded in lysosomes, likely by
DNase II (36); NOckout probes therefore can reliably report on
endosomal NO levels only up to 2 h postinternalization (SI Ap-
pendix, Fig. S12).

To study whether the NOckout scaffold could be more gen-
erally programmed to display specific PAMPs that could trigger
their cognate PRRs, NOckout was designed to display an
immunostimulatory RNA sequence that is a ligand for the mu-
rine TLR-13 receptor to give the variant NOckout™* (25).
TLR-13 was recently identified as the cognate receptor for a
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13-base-long immunogenic RNA, denoted iRNA (Fig. 1B). The
iRNA is derived from the domain V of ribosomal RNA, is con-
served across several pathogenic Gram-negative bacteria, and
effectively triggers NO production in innate immune cells (25,
26). NOckout™* (500 nM) was incubated with J774A.1 cells for
90 min in the presence and absence of 1400W. NOckout signals
(G/R value) of ~200 endosomes from ~50 cells were compared
with the G/R value obtained for the plain NOckout probe
(Fig. 2 C and F). NOckout™" showed substantially higher
endosomal NO levels that reduced to near-basal levels if the
iRNA motif was dropped, or if NOS2 was inhibited (Fig. 2F).
Further, a variant NOckout®™* was made, where the PAMP
displayed corresponds to a sequence where iRNA has a single A
to G mutation that abolishes TLR-13 binding (Fig. 1B). This
probe failed to elicit NOS2 activity in J774A.1 cells (Fig. 1F and
SI Appendix, Fig. S18). We also obtained a similar result for
these reagents in RAW264.7 macrophages that are a well-
established model of TLR13 signaling (SI Appendix, Fig. S16)
(26). This reveals that NOckout™ " can detect elevated NO in
endosomes due to NOS2 activation. Thus, NOckout is an effec-
tive ratiometric NO detection platform to image NOS2 activity
arising from PAMP-TLR engagement.

NOckout” Probes Localize in Phagosomes of Microglia in
the Zebrafish Brain

Since NOckout probes can be rationally designed to trigger
NOS2 activity through precise pathways in cultured cells, we
applied it to study TLR signaling in vivo. Zebrafish is a powerful
genetic model to dissect host—pathogen interactions, as one can
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image innate immune cells in live vertebrates with subcellular
resolution (37, 38). Further, the innate immune signaling compo-
nent can be specifically isolated in the larval stage due to the late
onset of adaptive immunity in zebrafish (39). We therefore studied
NOS?2 activation in microglia of zebrafish by microinjecting PAMP-
programmed NOckout probes into the optic tectum of larvae 3 d to
4 d postfertilization (dpf) (Fig. 34 and Movie S1).

First, we established the subcellular localization of extrane-
ously introduced NOckout probes in the zebrafish brain. Since
NOckout probes are essentially dSDNA bearing two fluorophores,
we envisage their uptake in the mammalian brain would phenocopy
that of fragmented self-DNA which would be internalized by
scavenger receptors that are present on microglia (40, 41). We
therefore injected NOckout™, a NOckout variant that has no DAR
label nor PAMP, in the optic tectum of Tg(apoe:eGFP) larvae 3 dpf
where microglia are marked with green fluorescent protein (GFP)
(Fig. 3B and SI Appendix, Table S1). Within 30 min postinjection,
NOckout”™ was internalized specifically by microglia. NOckout"™
was also internalized specifically by microglia when it was injected
into the optic tectum of 7g(mpeg:eGFP) fish where all macrophages
are marked with GFP. Live imaging revealed that several active]l\)/
moving microglia rapidly phagocytosed particles of NOckout™,
with many microglia performing multiple phagocytic events (Fig. 3C
and Movies S2 and S3). The sizes of the intracellular compartments
containing internalized NOckout”™ cargo were ~2 pm to 4 pm,
consistent with phagosomes rather than endosomes. Coinjection of
tetramethylrhodamine (TMR)-labeled NOckout”™ with the apo-
ptotic marker annexin V—Cy5 revealed substantial colocalization of
NOckout™ with apoptotic bodies prior to cellular uptake (Fig. 3D
and SI Appendix, Fig. S19). Postuptake, NOckout™ and annexin

V—Cy5 extensively colocalized in phagosomes of microglia (Fig. 3D).
This is consistent with other observations where extracellular DNA or
extracellular RNA is integrated into apoptotic bodies to expedite
their clearance by macrophages through phagocytosis (42, 43).

Since macrophage phagosomes have an acidic milieu, we first
measured their luminal acidity using a DNA-based pH sensor
denoted as pHlava (SI Appendix, Fig. S6). The pHlava comprises
the pH-sensitive dye, pHrodo, attached to the 5’ end of the un-
labeled strand in dsDNA®%. It ratiometrically reports pH, as
protonation of pHrodo results in high fluorescence (G) while that
of A647 is unchanged. The ratio of pHrodo to A647 (G/R) as a
function of increasing acidity yielded a calibration curve (S/
Appendix, Fig. S6). Injection of pHlava in Tg(mpeg:eGFP) larvae
revealed a mean G/R ratio corresponding to a pH of 6.0 for the
puncta inside microglia and near neutral for the extracellular
puncta (Fig. 3 E and F). Thus, these large, acidic compartments
in microglia labeled with pHlava are indeed phagosomes. Hence,
extraneously introducing dsDNA probes in the optic tectum of
zebrafish leads to their incorporation into apoptotic bodies fol-
lowed by phagocytosis by microglia.

NOckout Detects NO in Microglial Phagosomes in Vivo

We then tested whether NOckout probes could detect NOS2
activity due to TLR receptor engagement in live brains by mapping
the phagosomal NO generated in microglia. To achieve this, we
made NOckoufPS which displayed the well-characterized CpG
ODN, zCpG (Fig. 1B). The zCpG synergistically binds both TLR-9
and TLR-21 through a GTCGTT motif and triggers a strong im-
mune response in zebrafish, producing IL-1, IFN-y, and TNF-§
(24). NOckout P was injected, internalized into phagosomes of
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Fig. 3. NOckout'" localizes in phagosomes of zebrafish microglia in vivo. (A) Schematic of the larval transgenic zebrafish brain expressing GFP in microglia
(Tg(apoE:GFP)). NOckout“™ (0.2 pmol in HBSS) was microinjected in the optic tectum of 3-dpf-old fish. (B) Images acquired 1 h postinjection of NOckout" (0.2
pmol in HBSS) shows probe localization in phagosomes of microglia in Tg(apoE:GFP) fish. (C) Time-lapse images (0 min to 12 min) shows NOckout" uptake by
microglia. Fusion of newly formed phagosomes with existing phagosomes is also observed (white arrowhead). (D) Colocalization of NOckout“™ with apoptotic
body marker annexin V-Cy5 prior to phagocytosis by microglia (yellow arrowhead). (E) Representative images of pHlava injected in Tg(mpeg1:eGFP) fish
shows strong signal in phagosomes (white arrowhead) in the pHrodo channel (Aem, = 570 nm), while extracellular puncta show no signal (yellow arrowhead),
indicating high and low acidities, respectively. (F) The pHlava signal from the phagosomes (IC) and the extracellular milieu (EC) are plotted as the ratio of
pHrodo to A647 channel intensities (n = 16 phagosomes from n = 8 fish). All experiments were performed in triplicate. (Scale bar, 10 um.) P values are
obtained using Kruskal-Wallis statistical test.
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microglia, and imaged as described earlier (Fig. 44). Extracellular
puncta of NOckout"P® showed a low NOckout signal (G/R) con-
sistent with negligible NO, while NOckou"“ localized in phag-
osomes showed a high G/R ratio, consistent with high phagosomal
NO (Fig. 4B). The G/R ratios of ~20 such phagosomes were sig-
nificantly higher than those labeled with plain NOckout, indicating
effective NOS2 activation by NOckout?© (Fig. 4 C and D). This
was reduced by ~50% when NOS2a, the NOS2 ortholog of zebra-
fish, was pharmacologically inhibited with 1400W or if the CpG motif
in NOckouf"© was substituted with a nonimmunostimulatory GpC
motif as seen in NOckout " (Fig. 4D). Morpholino knockdown
of NOS2a also reduced the signal by ~40% (Fig. 4D). Thus, the
immunostimulatory sequences displayed on NOckout probes engage
their cognate TLRs in the zebrafish brain and trigger NOS2 activity
reflected in the elevated levels of phagosomal NO.

Finally, in an illustrative example, we use NOckout technology
to establish that pathogenic RNA of bacterial origin can act as
PAMPs in zebrafish and thereafter identify its cognate receptor.
Bacterial pathogens such as Mycobacterium marinum and
Mycobacterim leprae in macrophages of zebrafish are effectively
neutralized in the phagosome by NOS2 activation due to TLR
engagement (44, 45). Ten out of the 20 putative TLR receptors
in zebrafish have human orthologs, and the cognate ligands have
been pinpointed for a few (SI Appendix, Table S2) (46). For
example, TLR-3 and TLR-22 of zebrafish sense dsSRNA and poly
(I:C), while TLR-9 and TLR-21 sense CpG-ODNs (24, 47).
However, it is not yet known whether ssRNA can trigger an
immunogenic response in zebrafish.
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Interestingly, the highly conserved iRNA sequence, derived
from the ribosomal RNA of pathogens such as Staphylococcus au-
reus and Escherichia coli, engages murine TLR-13, elicits NO pro-
duction, and is now a recognized PAMP in mice (25). This RNA
sequence is also conserved in many natural aquatic pathogens that
infect zebrafish, such as Edwardsiella tarda (48), Aeromonas hydro-
phila (49), and Francisella philomiragia (50) (SI Appendix, Fig. S21
and Table S3). We therefore sought to determine whether iRNA
could act as a PAMP in zebrafish as well, and, if so, whether we
could identify its cognate TLR using NOckout technology.

We dis]])}ayed the iRNA sequence on NOckout to give
NOckout™* and tested its _czll\Pacity to generate phagosomal
NO. Postinjection of NOckout™™* in the brain, it was efficiently
phagocytosed by microglia. The G/R ratios of ~20 phagosomes
revealed appreciable levels of NO compared to phagosomes labeled
with plain NOckout (Fig. 4 E and F). Further, a single A to G
mutation in the iIRNA sequence that renders it nonimmunostimulatory
in mice was used to create NOckout™"*. Phagosomes labeled with
NOckout™* in zebrafish brains revealed a significant drop in NO
levels, revealing that the mutated RNA could not activate NOS2
(Fig. 4 E and F). This suggests that ssSRNA can also act as a PAMP in
zebrafish, and indicates a potentially evolutionarily conserved mecha-
nism to detect ssRNAs (51). We therefore reasoned that the PRR
responsible was also likely to be a TLR, given that the cognate PRR in
mice is TLR-13. To identify the TLR responsible, we repeated the
assay in zebrafish, where specific TLRs were knocked down. When we
knocked down TLR-22, TLR-3, or TLR-9, we continued to observe
high phagosomal NO corresponding to high NOS2 activity, suggesting
that these are not the cognate PRRs (Fig. 4G). However, when we
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Fig. 4. NOckout**PS and NOckout™A elevate phagosomal NO in zebrafish microglia. (A) Representative three-color image showing phagosomal localization
of NOckout*P€ in microglia of 3-dpf Tg(mpeg1:eGFP) fish. A647 (R) is the reference fluorophore, and DAR signal (G) is shown in blue. (B) NOckout***€ signal
from the EC and IC phagosomes are plotted as the ratio of DAR (G) to A647 channel intensities (n = 10 phagosomes from n = 5 fish). (C) Representative G/R
heat maps of phagosomes in fish injected with NOckout**P®, NOckout*°P<, and NOckout***® + 1400W samples (0.2 pmol in HBSS). (D) Violin plot of G/R
distribution in ~10 individual phagosomes injected with NOckout*€ in different conditions (n = 5 fish). (E) Representative G/R heat maps of phagosomes
labeled with NOckout™ 4, NOckout™?, or NOckout (20 nL to 40 nL). (F) Violin plot of G/R distributions of ~10 individual phagosomes (n = 5 fish). (G) G/R
values of ~10 phagosomes in morpholino knockdowns of the indicated TLR receptors (n = 5 fish per trial). All experiments were performed in triplicate. (Scale
bar, 5 pm.) P values are obtained using Kruskal-Wallis statistical test across dataset.
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knocked down TLR-7 (SI Appendix, Fig. S22B), the phagosomes
showed ~40% signal reduction (Fig. 4G). This indicates that iRNA
activates NOS2 by partly engaging zebrafish TLR-7.

In mammals, TLR-7 is an endosomal or phagosomal PRR that
is known to engage ssSRNA of viral or bacterial origin (52-54)
and shows ~56% sequence identity with zebrafish TLR-7. While
the structure of mammalian TLR-7 is solved, that of zebrafish
TLR-7 is not. A homology model of the predicted structure of
zebrafish TLR-7 and macaque TLR-7 complexed with ssRNA
reveals marked structural similarity (S Appendix, Fig. S23) (55).
Importantly, zebrafish TLR-7 showed conserved amino acid
residues within its predicted ssRNA binding pocket (SI Appendir,
Fig. S24). Further, zebrafish TLR-7 is highly expressed in 3-dpf
larval zebrafish (SI Appendix, Fig. S22). We therefore suggest
that selected ssRNAs act as PAMPs in zebrafish by engaging
TLR-7 and activating NOS2a.

Conclusions

Small-molecule NO reporters are bright, photostable, specific,
and pH insensitive; however, postreaction, the probe molecules
diffuse rapidly, obscuring spatial information. Protein-based NO
sensors offer spatial resolution, but have comparatively poor
dynamic range, cannot be targeted to phagosomes, and are pH
sensitive. NOckout technology combines the attractive reporter
characteristics of small-molecule NO-sensitive dyes with the
stable localization provided by biologics. NOckout probes lever-
age the 1:1 stoichiometry of DNA hybridization to display an
NO-sensitive fluorophore, an internal reference dye, and a
dsDNA domain to target the phagosome. Microinjecting NOckout
nanodevices in live brains resulted in them being packaged into
apoptotic bodies and being exclusively targeted to phagosomes in
microglia. Since NOckout nanodevices are pH insensitive, they are
well suited to map NO in the acidic phagosomal milieu.

Importantly, NOckout nanodevices can be programmed to
display a specific nucleic acid PAMP with precise and uniform
stoichiometries to give NOckou?™ devices that engage their
cognate TLR receptor to thereby activate NOS2. This leads to
phagosomal NO production that is detected by the NOckout
probe. This modular design enables the creation of a suite of
NOckout variants, each displaying a different PAMP, yet with
identical reporting capabilities that can each engage a distinct
TLR receptor. By displaying well-characterized immunogenic
sequences such as mCpG or zCpG, we could activate murine
TLR-9 and zebrafish TLR-9/TLR-21, respectively. We found
that, while the basic NOckout scaffold was nonimmunogenic,
NOckout™ devices could activate NOS2 by engaging a specific
TLR in primary microglia either in culture or in live zebrafish
brains. NOS2 activation due to PAMP-TLR receptor recogni-
tion is well studied on longer time scales in cultured murine and
human cells using biochemical assays. Now, using NOckout, one
can map NO arising from NOS?2 activity at early stages (<2 h) in
single live cells in culture and in live brains, which was not
previously possible.

NOckout can be used to map NO arising from NOS2 activa-
tion in the first few hours following PAMP—PRR association
in vivo. It can be used to assay PAMP—TLR recognition, identify
or validate ligands for PRRs with undetermined specificities, and
potentially estimate their relative proclivities to activate NOS2.
The DNA scaffold can be modified to display more than one
PAMP in precise stoichiometries using three-way or four-way
junctions, and the resultant combination NOckout devices can
be applied to identify TLRs that could act synergistically or an-
tagonistically. One can also envisage substituting NO detection
chemistries for various ROS detection chemistries to map the
in vivo activity of phagosomal ROS-producing enzymes arising
from TLR activation. A technology that can map the dynamics of
NO within phagosomes of innate immune cells in vivo could
thereby offer new insights into the dynamics of host—pathogen
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interactions. Since resistant microbes use several mechanisms to
bypass phagosomal degradation, NO mapping could help iden-
tify how resistant pathogens survive the phagosome.

NOckout reporters are applicable without further modification
to transparent model organisms such as Caenorhabditis elegans
and Drosophila melanogaster. One can also envisage NOckout
being deployed in certain regions of mouse brain, for example,
cerebral cortex. One caveat of NOckout technology is that, cur-
rently, it can be used to detect NO produced due to preexisting
and actively translated NOS2 and is not suitable for sustained
detection NO over transcriptional time scales. This limitation
can be overcome by replacing dsDNA backbone by a peptide
nucleic acid or L-DNA backbone to improve its cellular stability.
This highly modular imaging platform can be applied to study
the early stages of the innate immune response at very high
chemical resolution.

Materials and Methods

Reagents. All functionalized DNA oligonucleotides were purchased from
Integrated DNA Technologies (IDT) as a lyophilized powder. Oligonucleotides
were dissolved in milli-Q water and quantified using an ultraviolet visible
spectrophotometer (Shimadzu UV-3600, Japan) and subsequently stored in a
refrigerator at —20 °C. Immunostimulatory ATTO647N-labeled DNA and RNA
containing phosphorothioate backbone were custom synthesized by IDT. All
of the chemicals used for the synthesis of DAR-N3 were purchased from
Acros Organics and Sigma. Nitric oxide donor (DEANONOate), iNOS inhibitor
(1400W), NADPH-oxidase inhibitor (VAS2870), MPO inhibitor (ABAH), and
vacuolar H*-ATPase (V-ATPase) inhibitor (Bafilomycin A1) were purchased
from Cayman Chemicals. Diamino polyethylene glycol linker (10 kDa) was
purchased from Creative PEGWorks. Annexin V-Cy5 apoptosis kit was pur-
chased from BioVision (catalog number K103), and pHrodo maleimide was
purchased from Thermo Fisher Scientific (catalog number P35371). The iNOS
antibody was obtained from Novus Biologicals (NB300-605). LAMP1 anti-
body was obtained from Abcam (ab62562). Morpholino sequences were
purchased from Gene Tools. DAR-N3 was synthesized using previously
reported procedure by Jani et al. (20).

NOckout Probe Synthesis. NOckout probe was assembled by using a modified
protocol reported by Jani et al. (20). The detailed description of the synthesis
of NOckout and NOckout™ probe is given in S| Appendix. The in vitro and in
cellulo specificity and stability of NOckout against different ROS and RNS
were investigated in detail, and the results are presented in S/ Appendix.

Gel Electrophoresis. Native polyacrylamide gels containing 15% acrylamide
(30:1 acrylamide/bisacrylamide) were used for the gel electrophoresis assays.
Gels were run in 1x Tris-borate-EDTA (TBE) buffer (90 mM Tris.HCl, 90 mM
boric acid, and 2 mM ethylenediaminetetraacetic acid (EDTA), pH 8.3) at
room temperature. Postrun, gels were first imaged with ChemiDoc MP im-
aging system (Bio-Rad) to visualize DAR- or pHrodo-conjugated (605/55 fil-
ter, green epi-illumination) and ATTO647N-conjugated (695/55 filter, red
epi-illumination) DNA oligonucleotides. Ethidium bromide (1 pg/mL) was
used to stain DNA duplex, and it was imaged with a GelDoc-It imaging
system (UVP, Aex = 302 nm).

In Vitro Fluorescence Measurements. All fluorescence studies were carried out
on a Fluoromax-4 (Horiba Scientific) spectrophotometer. Ten micromolar
stock of NOckout or NOckout™ sensors were diluted to a 100- to 250-nM
final concentration in 50 mM sodium phosphate buffer, pH 5.0, 6.0, or 7.2.
The emission spectra of DAR and A647N were acquired by exciting the
sample at 550 nm and 650 nm, respectively. Fluorescence emission spectra
were collected in the range of 560 nm to 620 nm (slit width = 2 nm) for DAR
and 655 nm to 700 nm (slit width = 2 nm) for A647N. Diethylamine NONOate
(DEA NONOate, Cayman Chemicals) was used as fast NO donor. The half-life
of DEA NONOate is 2 min and 16 min at 37 °C and 25 °C, respectively, in
100 mM phosphate buffer (pH 7.4). DEA NONOate liberates 1.5 mol of NO
per mol of parent compound (56). Fluorescence signal from NOckout (100
nM) was recorded sequentially in the DAR (G) and A647N (R) channels be-
fore and after the addition of DEANONOate (50 pM) at timed intervals (30 s).
Emission intensity maximum of DAR was at 571 nm before NO addition, and
it shifted to 578 nm after NO addition. In vitro fold changes of all of the
NOckout sensors were calculated and expressed as the ratio of DAR signal to
that of the A647N signal, which is represented as a G/R value. In vitro pH
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sensitivity studies of NOckout were carried out on Fluoromax-4, and the
detailed description is given in S/ Appendix.

Synthesis of pHlava. The pH sensor pHlava is a 24-mer dsDNA duplex carrying
a pH-sensing fluorophore pHrodo (Aex = 540 NM, A, = 580 Nm) at the 5’ end
of one of the ssDNA strands and ATTO647N fluorophore on the 5’ end of the
complementary ssDNA (S/ Appendix, Table S1). The synthesis, characteriza-
tion, and pH-sensing properties of pHlava are described in SI Appendix.

Image Acquisition. Wide-field microscopy was carried out on an 1X83 inverted
microscope (Olympus Corporation of the Americas) using either a 100x or
60x, 1.4 numerical aperture (NA), differential interference contrast (DIC) oil
immersion objective (PLAPON, Olympus) equipped with an Evolve Delta 512
electron multiplying charge coupled device (EMCCD) camera (Photometrics).
Filter wheel, shutter, and CCD camera were controlled using MetaMorph
software (Molecular Devices). For NOckout stability assay, J774A.1 cells were
excited simultaneously in the DAR (546 nm) and A647N (650 nm) channels.
Confocal images from J774A.1 cells and primary microglia were captured
with a Leica TCS SP5 Il stimulated emission depletion (STED) laser scanning
confocal microscope (Leica Microsystems, Inc.) equipped with a 63x%, 1.4 NA,
oil immersion objective. DAR was excited using a diode-pumped solid-state
laser with 561-nm wavelength. A647N was excited using a He—Ne laser with
633-nm wavelength. Acousto-optical beam splitter (AOBS) with settings
suitable for each fluorophore was employed and fluorescence emission was
recorded using hybrid detectors.

Zebrafish brain was imaged in the optic tectum using an upright Zeiss LSM-
710 confocal microscope equipped with water immersion objectives (20x, or
40x). Zebrafish larvae (3 dpf to 4 dpf) were mounted dorsally in a 1.5%
low-melting-point agar bed on a confocal imaging dish (3.5-cm glass bot-
tom). E3-containing 0.003% MS-222 was present in the imaging dish
throughout the imaging section. For NOckout-injected samples, images
were acquired simultaneously in GFP, DAR, and A647N channels using ex-
citation wavelengths of 488, 560, and 645 nm from Argon-ion (488 nm),
Helium-Neon (543 and 632 nm) laser sources, respectively. The pHrodo dye
was imaged using the same settings as that of DAR.

Image Analysis. We have used a custom-made MATLAB-based program called
Findosome to calculate the (G/R) values of individual endosomes from the
acquired images. Maximum Z-projected images created using Fiji (NIH) were
fed to Findosome to pick endosomal compartments as regions of interest
(ROIs) corresponding to individual endosomes based on the A647N channel
intensity. For each ROI, the program calculates fluorescence intensities both
in the normalizing channel (A647, R) and in the DAR (G) channel.

The results were exported as an Excel file. From the results, (G/R) value for
individual endosomes can be calculated. Phagosomal (G/R) values from the
zebrafish microglia are calculated using Fiji software. Images were imported
to Fiji, and maximum Z-projected images were created. ROIs were manually
drawn around clearly identifiable phagosomes (>200 pm from the injection
site) using the normalizing channel A647N intensity. Fluorescence intensities
in A647N and DAR channels were calculated. G/R values are either repre-
sented as heat map images using Fiji or as bar graphs using Origin software.
Intracellular measurements of (G/R) values were performed in GFP colo-
calized microglia. For (G/R) ratio quantification experiments (e.g., Fig. 24),
we only consider those vesicles that are present in both green (G) and red (R)
channels. We do this because the cell has ~2 to 5% of vesicles that are highly
autofluorescent in the green channel. We can estimate this percentage by
labeling cells with a dsDNA carrying only an Atto647N label. Auto-
fluorescent vesicles can be identified as puncta in the green channel (in such
samples) that do not show up in the red channel and typically correspond
to <5%. Therefore, we first have to identify and remove the autofluorescent
vesicles during our analysis.

Cell Culture Protocol. J774A.1 and RAW264.7 cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, 11960044) with 10% fetal bovine
serum (Gibco, 26140079) containing 100 U/mL penicillin and 100 pg/mL
streptomycin and maintained at 37 °C under 5% CO,. For all of the cell
experiments, a passage number less than 30 was employed.

Neonatal Primary Microglia Isolation. Mouse primary mixed cortical and
hippocampal glial culture was isolated and cultured as described previously
(57). The detailed description of the protocol and images showing the purity
of the microglial culture obtained are given in S/ Appendix.
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Immunocytochemistry. Primary microglia cells were treated with 1 pM
NOckout™ probe for 3 h. Cells were then washed three times with 1x
phosphate-buffered saline (PBS) (pH 7.4) and fixed using 2.5% para-
formaldehyde at room temperature for 15 min. The cells were subsequently
washed three times with 1x PBS and followed by incubation with 3% bovine
serum albumin (BSA) for blocking in PBS (1x) for 1 h at room temperature.
Then the cells were incubated with anti-mouse iNOS antibody (Novus Bio-
logicals, NB300-605, 1:30 dilution) in blocking solution (3% BSA in PBS) for
1 h at room temperature. To remove excess primary antibody, cells were
washed three times with 1x PBS. Cells were then treated with Alexa Fluor
488 conjugated goat anti-rabbit secondary antibody (Invitrogen, a11008,
1:2,000 dilution) for 1 h followed by three washes with 1x PBS. Cells were
incubated with Hoechst 33342 (5 pM) for 10 min to stain the nucleus. Cells
were imaged on a confocal microscope as described elsewhere. LPS (1 pg/
mL)-treated J774A.1 cells (for 12 h) were immunostained for iNOS and
LAMP-1 using a similar protocol as described above for the microglial cells.

Pharmacological Inhibition. Pharmacological inhibition of different enzymes
was performed by employing known inhibitors. The iNOS inhibition was
achieved using a specific and irreversible inhibitor, 1400W (10 uM) (K; value
against iNOS is 7 nM) (31). ROS produced in J774A.1 cells by NADPH-oxidase
was inhibited by using a selective inhibitor VAS2870 (10 pM) (58). MPO ac-
tivity to produce HOCI was blocked by using ABAH (50 pM) (59). V-ATPases
were blocked by using a selective and reversible inhibitor Bafilomycin A; (300
nM). Cells were bathed in inhibitors 1 h prior to the addition of NOckout probes
during the specificity experiment performed in J774A.1 cells.

TNF-o Quantification. To quantify the immunogenicity of NOckout probes
and the corresponding immunogen alone, we performed ELISA for TNF-a in
J774A1 cells. Briefly, J774A.1 cells cultured in DMEM were incubated with
500 nM NOckout sensors, CpG nucleotides, RNA, or LPS at 37 °C for 2 h.
Postincubation, 100 pL of extracellular medium from the culture was used to
perform TNF-o quantification using ELISA kit (Cayman, catalog number
500850) according to manufacturer’s instructions. The calibration curve for
TNF-a was generated using recombinant TNF-a as per the vendor’s instruc-
tions. The results are summarized in S/ Appendix.

Zebrafish Breeding and Maintenance. Zebrafish (Danio rerio) were maintained
as described (60). Zebrafish were kept at 26 °C to 27 °C in a 14-h-light and
10-h-dark cycle. Embryos were collected by natural spawning and raised at
28 °C in E3 buffer. To avoid pigmentation, 0.003% 1-phenyl-2-thiourea was
added at 1 dpf. All of the transgenic lines used in this study, Tg(mpeg:EGFP),
Tg(apoe:EGFP), and Tg(HuC:Kaede), have been described previously (38, 61,
62). Tg(apoe:EGFP) fish was a kind gift from Prof. William Talbot's laboratory,
Stanford University, Stanford, CA. For microinjection of NOckout probes, em-
bryos were obtained from wild-type AB, Tg(mpeg: EGFP), Tg(apoe:EGFP), and
Tg(HuC:Kaede). Animals were housed in the fish facility according to the In-
stitutional Animal Care and Use Committee regulation of University of Chicago
(Protocol number 72468).

Microinjection in Larval Zebrafish. About 20 nL to 30 nL of NOckout or
NOckout™ (20 uM stock solution in Hanks’ balanced salt solution [HBSS])
were injected to the optic tectum area of MS-222—treated 3-dpf zebrafish
using a microinjector. Postinjection of the probes, fish were allowed to re-
cover from anesthesia by placing them in fresh LPS-free E3 medium. Sub-
sequently, fish were reanesthetized and embedded in agar for confocal
imaging. Coinjection experiments of TMR-labeled NOckout”™ and Cy5—an-
nexin V were performed by employing a similar protocol to that used for the
NOckout injections. Briefly, dsSDNA™R® (20 uM in HBSS) and annexinV—Cy5
(10 pM) were mixed in a microfuge tube by vertexing. About 20 nL of the
mixed solution was injected in the optic tectum of 3-dpf-old fish. Injected
fish were allowed to recover from anesthesia by placing them in a fresh E3
medium, and the fish were further incubated for 1 h in E3 medium before
imaging their brains using a confocal microscope (LSM-710) in the TMR and
Cy5 channels. Morpholinos (Gene Tools) were dissolved in HBSS and injected
at one cell stage. Morpholino sequences and primers used for RT-PCR are
listed in SI Appendix.

RT-PCR. Total RNAs were extracted from embryos and larvae using TRIzol
reagent (Invitrogen) as per the manufacturer’s instructions. The cDNAs were
then generated using SuperScript Il reverse transcriptase. The cDNAs were
used to generate gene-specific amplicon using primers listed in S/ Appendix.
Reverse transcription was performed at 50 °C for 1 h. PCR conditions were
2 min of initial denaturation at 94 °C, 45 cycles of denaturation at 94 °C for
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20 s, annealing at 52 °C to 58 °C for 45 s, and extension at 72 °C for 1 min,
followed by a final extension step at 72 °C for 10 min (63).

Data Availability. All data relevant to this paper are available in the main text
and S/ Appendix. Full methods can be found in Movies S1-S3 and S/ Ap-
pendix, Materials and Methods.
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