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Controlling the biodistribution of protein- and nanoparticle-based therapeutic formu-
lations remains challenging. In vivo library selection is an effective method for iden-
tifying constructs that exhibit desired distribution behavior; library variants can be
selected based on their ability to localize to the tissue or compartment of interest despite
complex physiological challenges. Here, we describe further development of an in vivo
library selection platform based on self-assembling protein nanoparticles encapsulat-
ing their own mRNA genomes (synthetic nucleocapsids or synNCs). We tested two
distinct libraries: a low-diversity library composed of synNC surface mutations (45
variants) and a high-diversity library composed of synNCs displaying miniproteins
with binder-like properties (6.2 million variants). While we did not identify any vari-
ants from the low-diversity surface library that yielded therapeutically relevant changes
in biodistribution, the high-diversity miniprotein display library yielded variants that
shifted accumulation toward lungs or muscles in just two rounds of in vivo selection. Our
approach should contribute to achieving specific tissue homing patterns and identifying
targeting ligands for diseases of interest.

library selection | biopanning | synthetic nucleocapsid | miniprotein | cancer

The emerging drug class of biologics with intracellular targets (e.g., mRNA, siRNA,
ribonucleoproteins) is currently limited in clinical translation by a lack of effective systemic
delivery systems (1, 2). These biologics often require packaging into delivery systems such
as viral vectors or lipid nanoparticles (LNDPs) that improve drug stability and mediate
cellular entry. However, the default biodistribution of most nanoparticles when delivered
systemically skews toward uptake by the mononuclear phagocytic system (MPS) and
accumulation in the liver and spleen (3). In vivo library selection is a powerful method
to identify delivery vehicles possessing both physicochemical characteristics and molecular
ligands that enable organ targeting. For example, in vivo library selection has been suc-
cessfully employed to alter the vascular targeting profile of lipid nanoparticles (LNPs) by
identifying specific surface chemistries that enable therapeutically relevant mRNA delivery
to bone marrow, lungs, spleen, liver, and tumor (4-8). In vivo library selection is also
amenable to the identification of targeting ligand moieties, wherein millions of potential
ligands are simultaneously screened for desired biodistribution behaviors (9). Unlike
in vitro library selection, in vivo library selection accounts for both known and unknown
physiological complexity and can utilize established animal models that recapitulate disease
physiology. Although several in vivo library selection platforms exist, every platform has
limitations. Current state-of-the-art library selection platforms are limited by large particle
sizes that prevent tissue penetration (e.g., M13 phage display), low stability (e.g., ribosome
display and one-bead one-compound display), incompatibility with in vivo selection
(one-bead one-compound display), and sensitivity to surface display modifications (e.g.,
adeno-associated virus display) (9-11). Additional library selection platforms that better
represent nanoparticle delivery systems and are amenable to in vivo selection will further
enable the discovery of novel targeting ligands for specific cell and tissue types.

In prior work, our group engineered a virus-sized, self-assembling protein nanoparticle
that encapsulates its own mRNA genome, 153-50-v4 (12). 153-50-v4 was derived from
153-50, a computationally designed, two-component self-assembling protein nanoparticle
with icosahedral symmetry (13). This mRNA-encapsulating version of 153-50, termed a
“synthetic nucleocapsid” (synNC), links genotype and phenotype to enable the evolution
of new and improved functional properties through diversification and selection. After
four stages of evolution, synNC stability in blood was increased by almost 20-fold, and
in vivo circulation half-life was increased from less than 5 min to about 4.5 h. We named
the resulting synNC “I53-50-v4” or simply “v4,” for the fourth evolved version of 153-50.
However, we did not observe specific or preferential association of 153-50-v4 with any
major organs. Samples collected either 5 min or 4 h after [53-50-v4 administration showed
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Targeted delivery—getting
therapeutics to specific cells or
tissues while retaining therapeutic
activity—remains one of the
greatest challenges and
opportunities in drug
development. The in vivo library
selection platform reported here
offers a unique tool to optimize
protein nanoparticle and protein
minibinder therapeutic
performance in a living mammal,
a complex physiological
environment that cannot yet be
comprehensively modeled in silico
or in vitro.
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that the majority of 153-50-v4 mRNA remained in the blood,
while we detected an order of magnitude less I53-50-v4 mRNA
in the kidneys, lungs, heart, brain, spleen, or liver compared to
the blood. As we were able to significantly enhance circulation
time using this selection strategy, we hypothesized that a modified
selection strategy could be employed to enrich library variants that
preferentially accumulate in specific tissues and yield novel target-
ing moieties. We sought to address two main questions: First, can
a similar library with which circulation half-life was evolved (12)
be used to enrich tissue targeting behavior of the synthetic nucle-
ocapsid itself? Second, can the synthetic nucleocapsids be used in
a similar manner as phage display, in which binding domains
are displayed on the surface of the particles and tested for accu-
mulation in specific tissues? Our approach is similar to the
state-of-the-art M13 phage display platform (14). However, since
synNCs are an order of magnitude smaller than M13 phage, they
might be better able to access different physiological compart-
ments such as tumor microenvironments. Additionally, compu-
tationally designed protein nanoparticles can be engineered
modularly to display or encapsulate a wide variety of cargoes
(13, 15, 16); and can be manufactured at scale (17), so any prom-
ising library variant could be directly formulated for applications
in therapeutic delivery.

Here, we utilize murine models to evolve two separate synNC
libraries toward altered tissue biodistribution. We tested two dif-
ferent libraries in BALB/c mice: a surface library in which point
mutations are made on the surface of the synNCs (12) and a
miniprotein display library in which the synNCs display a semir-
andom library of designed miniproteins on their surface (18, 19).
While the low-diversity library composed of synNC surface mod-
ifications did not yield variants that significantly shifted biodistri-
bution, the high-diversity miniprotein display library successfully
shifted synNC biodistribution patterns toward selected tissues
including lung and muscle.

Results

Synthetic nucleocapsid libraries can be constructed in a variety of
ways. Here, we constructed a surface library with mutated surface
residues (Fig. 1 A, 7op, yellow point mutations), and a miniprotein
display library with designed miniproteins displayed on the surface
of the nucleocapsids via genetic fusion (Fig. 1 A, Bottom, orange
miniproteins). Following the delivery of library plasmids into
Escherichia coli (E. coli), the transgene is transcribed and translated
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into synthetic nucleocapsid (synNC) protein subunits, which then
associate with intracellular mRNA through electrostatic interac-
tions. Since transgene expression is driven by the strong T7 pro-
moter, there is an abundance of self-mRNA inside the E. co/i cells
and synNCs encapsulate their own mRNA genomes (12). For
both the surface library and miniprotein library, we injected the
libraries into normal mice or 4T1 tumor-bearing mice, allowed
the libraries to circulate for the desired amount of time (e.g., 30
min), and extracted RNA from the desired tissues (Fig. 1B). After
specifically reverse-transcribing and amplifying synNC mRNA by
qRT-PCR, we sequenced the samples and cloned a separate library
for the next round of selection. We visualized enrichments of
specific sequences in the collected organs using hierarchically clus-
tered heatmaps, from which we identified variants of interest

(Fig. 10).

In Vivo Library Selection of 153-50-v4 Surface Mutant Library.
In an attempt to modulate the biodistribution of 153-50-v4, we
first used a similar surface library that was used to evolve longer
circulation half-life in our previous work (Figs. 1 and 24) (12).
Here, we combinatorially mutated charged and polar surface
residues (aspartic acid, arginine, glutamic acid, lysine, and
glutamine) to other charged and polar amino acids as allowed by
codon degeneracies (S/ Appendix, Table S1 and Fig. 2B middle
structure). Instead of selecting for variants with longer circulation
half-lives in blood, we enriched synNC RNA recovered from major
organs (brain, heart, kidneys, liver, lungs, and spleen) over two
rounds of selection. We primarily detected synNC library mRNA
in the blood, liver, and spleen (S/ Appendix, Fig. S1 and Fig. 2C).
After sequencing the synNC mRNA from each collected tissue, we
calculated log, ,(enrichment) scores for each sequence compared to
v4 (Eq. 1 in Materials and Methods, Fig. 2D). To ensure sufficient
sequencing coverage, we analyzed each mutation individually.
Of 45 possible single-mutation variants, we selected two variants
representative of different biodistribution patterns. The selected
variants were representative of two different biodistribution
patterns. First, v4_D100K, a negative-to-positive mutation
on the pentamer subunit, exhibited positive log,,(enrichment)
between 0.2 and 0.7 in major organs and negative enrichment in
blood and brain [Fig. 2B (left structure), Fig. 2D (left heatmap)].
Second, v4_E243D, a negative-to-negative mutation on the trimer
subunit, exhibited positive log,(enrichment) in blood and all
tissues collected, albeit low in magnitude (between 0.1 and 0.2)
[Fig. 2B (right structure), Fig. 2D (right heatmap)].
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Experimental process for in vivo library selection based on synthetic nucleocapsids. (A) Library production and self-assembly inside E. coli. Top: surface

library with yellow point mutations. Bottom: Miniprotein library with orange miniproteins. (B) In vivo selection scheme. (C) Example heatmap format used to

identify variants of interest.
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Fig. 2. In vivo library selection and biodistribution of 153-50-v4 surface library. (A) Experimental trajectory of surface library selection and fluorescence

biodistribution studies. SynNC library mRNA was obtained from organs (brain, heart, kidneys, liver, lungs, and spleen) and amplified for in vivo selection round
2. SynNC mRNA-seq was used to identify two variants of interest (v4_D100K and v4_E243D) that were produced as individual synNCs and fluorescently labeled
for biodistribution studies. (B) Model of locations of variants of interest (Left and Right) selected from the 153-50-v4 surface library (Middle). The D100K mutation
resides near the small central pore of the pentamer and the E243D mutation resides near the threefold axis of the trimer. (C) Bulk biodistribution of the i.v.-
injected surface library from in vivo selection round 2 after 20 or 40 min of circulation (Left) and the vehicle control (Right), measured by RT-qPCR. The majority
of library mRNA was detected in the blood at 20 min, and in the blood, liver, and spleen at 40 min. (D) Enrichment of the two variants of interest compared to v4
(Eg. 1). v4_D100K shows positive enrichment in all tissues except blood and brain. v4_E243D shows slight positive enrichment in all tissues. (F) SynNC-Alexa Fluor
680 signal in the whole organs of mice injected with library variants of interest or vehicle control shows statistically insignificant increase in organ accumulation
by v4_D100K compared to v4 and v4_E243D and similar tissue accumulation of v4 and v4_E243D. Radiant efficiency color scale: min = 2.8 x 10’, max = 5.5 x 10%,
(F) BCA-fluorescence assay on homogenized organs from (£) to measure the AF680 fluorescence per ug organ protein in major organs of interest. C: left, n =2
mice per group; right, n = 1 mouse; error bars depict SEM. F: n = 3 mice per group; error bars depict SDs. No statistically significant differences were observed

in (F) by one-way ANOVA in each different organ.

We next evaluated the biodistribution in normal mice of fluo-
rescently labeled v4_D100K and v4_E243D as an orthogonal
method to mRNA sequencing (Fig. 2 £ and F). Instead of admin-
istering self-mRNA-encapsulating synNCs to mice, we adminis-
tered synNCs in which the exterior residues were conserved but
the interior residues were mutated to both ablate nucleic acid
encapsulation and introduce a unique cysteine handle for conju-
gation to Alexa Fluor 680 C2-maleimide (AF680) (SI Appendix,
Fig. $2). These modified synNCs are herein referred to as protein
nanoparticles, as they do not encapsulate their mRNA genomes,
and denoted “v4v0-Cys-AF680,” which stands for v4 exterior
(version 4: surface evolved for increased circulation half-life), vO
interior (version 0: non-mRNA-encapsulating), and a unique
internal cysteine (Cys) on the trimer component to which Alexa
Fluor 680-C2-Maleimide was conjugated (AF680). To compare
the biodistribution of synNCs, we injected 1 nanomole (nmole)
of asymmetric unit of each sample into mice intravenously (the
asymmetric unit comprises one subunit from the pentamer and
one subunit from the trimer, with 60 asymmetric units per nan-
oparticle, organized into 12 pentamers and 20 trimers), including
a nontargeted v4v0-Cys-AF680 control and a vehicle control,
perfused with PBS to reduce background signal, imaged the whole
organs for qualitative analysis, and quantified AF680 fluorescence
per microgram (ug) protein via BCA-fluorescence assay in each
homogenized organ sample (Fig. 2 E'and F). We observed similar
overall biodistribution patterns in the original v4v0-Cys-AF680
synNC and v4v0-Cys-AF680_E243D and increased but nonspe-
cific tissue accumulation by v4v0-Cys-AF680_D100K. We did
not observe any statistically significant differences in organ
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accumulation but note the congruence between enrichment values
(Fig. 2D) and fluorescence signal per pg protein (Fig. 2F7). While
we did not identify any variants that shifted biodistribution in a
therapeutically relevant manner, this experiment validated our
platform for organ enrichment and laid the groundwork for our
miniprotein display library.

In Vivo Selection of an 153-50-v4 Miniprotein Display Library.
After observing only minor enrichment of the I53-50-v4 surface
library variants in major organs, we hypothesized that displaying
miniproteins on the surface of the synNC could better enable
specific organ accumulation. The Baker group had previously
designed millions of miniproteins intended to fold into stable
structures and bind specific target proteins. For our purposes,
we viewed these miniproteins as simply small, stable domains
with surface patches that have physicochemical properties
typical of protein-protein interfaces (20, 21). The intended
structures of these designed miniproteins are either trihelical
bundles or a mix of alpha helices and beta sheets, composed
of 30 to 50 amino acids—small enough to be synthesized by
high-throughput oligonucleotide microarray technologies. To
make a large miniprotein display library based on synNCs,
we genetically fused a random subset of designed miniprotein
libraries to either the N terminus of the v4 trimer subunit at
100% display valency or the C terminus of the v4 pentamer
subunit at about 20 to 40% valency by using a programmed
ribosomal frameshifting B sequence (prfB), herein denoted
v4-trimer display library or v4-pentamer display library,
respectively (Fig. 3 A-C). The prfB sequence shifts the open
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Fig. 3. Biochemical characterization of synthetic nucleocapsid miniprotein display library. (A-C) Model of genetic constructs of base nanoparticle (A) and the
nanoparticle displaying miniproteins on the N terminus of the trimer (B, v4-trimer display library) or C terminus of the pentamer (C, v4-pentamer display library).
(D) Reducing SDS-PAGE of libraries compared to unmodified synNC (v4) shows lack of trimer-miniprotein fusions (“M-T") but the presence of pentamer-miniprotein
fusions (“P-M") at a variety of sizes as demonstrated by the smeared P-M band. The reduced valency of fused miniproteins is evident by the ratio of P-myc-tag
band intensity to P-M smear intensity. These data agree with the individual library variant characterization in S/ Appendix, Fig. S3. (E) Evaluation of nuclease
resistance. SynNC libraries were incubated in the presence or absence of RNase H and then analyzed for nucleic acid and protein migration on the same native
agarose gel (SYBR gold nucleic acid stain, Top; Coomassie Blue protein stain, Bottom). All three proteins comigrate with mRNA in the presence and absence of
RNase A, suggesting mRNA encapsulation and protection. However, the v4-trimer display library shows qualitatively lighter bands after RNase A treatment,
suggesting instability. (F) The hydrodynamic radii of the synthetic nucleocapsids were analyzed by dynamic light scattering (DLS) (153-50-v4: gray, v4-trimer display
library: dotted orange line, v4-pentamer display library: solid orange line). The v4-pentamer display library exhibited a slightly larger hydrodynamic radius than
v4 alone, as expected. The v4-trimer display library exhibited aggregation, further pointing to instability of this library format. (G) Representative negative stain
transmission electron micrograph of v4-pentamer display library shows nanoparticles of expected sizes and shapes. (Scale bar: 50 nm.)

reading frame +1 to avoid a stop codon and instead introduce a In a nearly identical manner as described in the surface library
flexible polypeptide linker leading into the subsequent encoded ~ section, we tested the miniprotein display library in BALB/c
miniprotein (22, 23). The v4-trimer display library resulted in mice (Fig. 1). However, this time we utilized both normal mice

very low synNC yield and significant aggregation by dynamic ~ and 4T1 tumor-bearing mice to test the library platform in the
light scattering (DLS), while the v4-pentamer display library context of solid tumors (25, 26). 4T1 tumors are a murine model
exhibited high yield, mRNA encapsulation and protection, and ~ for triple-negative breast cancer. Here, we were especially inter-
monodisperse nanoparticle sizes by DLS and negative stain  ested in miniprotein enrichment in tumors, lungs, and muscles,
transmission electron microscopy (nsEM) (Fig. 3 D-G). We as these tissues are important targets for cancer therapeutics,
noted that the exact molecular weights of the library display  respiratory illness therapeutics, and muscular dystrophy gene
subunits were difficult to determine by SDS-PAGE (Fig. 3D),  therapies, respectively. We performed three stages of library selec-

likely due to the range of sizes of miniproteins being displayed. ~ tion (rounds 1A, 1B, and 2), reducing the library size at each
While de novo designed miniproteins are often 30 to 50 amino  step from 6.2 x 10° unique variants to 1.1 x 10 to 8.4 x 107,
acids (aa) long, we observed a broad range of miniprotein sizes  ultimately selecting eight variants of interest with unique organ
by Illumina sequencing (~10 to 120 aa long with a mode of 44 enrichment patterns (Fig. 44). To ensure the integrity of encap-
aa). Oligonucleotide microarray synthesis error often results in -~ sulated synNC mRNA, we elected to collect mouse organs after
stop codon insertions and deletions, altering the total length  allowing the library to circulate for either 5 or 30 min. We
of the miniprotein open reading frame (24). As it is generally ~ observed similar synNC mRNA yields at both time points and
assumed that truncated miniproteins lack the key structural — thusused 30-min circulation times in all following in vivo stud-

elements required to fold into the desired tertiary structures, ies (S/ Appendix, Fig. S4 A—C). We performed qRT-PCR on the
we only considered miniproteins of the expected size range of  bulk synNC library genomes collected from major tissues at each
30 to 50 aa in downstream sequencing analyses. DLS confirmed ~ round of selection and detected lower blood accumulation and
a larger hydrodynamic radius of the v4-pentamer display library ~ higher liver and spleen accumulation compared to the surface

compared to v4 alone (Fig. 3F), and purification of individual library (Fig. 4 B and C and SI Appendix, Fig. S4). This was

library clones confirmed the presence of miniproteins fused to  expected, as the display of targeting domains on the surface of
the pentamers at reduced valency (SI Appendix, Fig. S3). We  synNCs shields part of the protein nanoparticle surface that was
also observed increased susceptibility to RNase degradation previously evolved for a longer circulation half-life (12).

of encapsulated mRNA by the v4-pentamer library compared ~ Additionally, we estimated a shorter circulation half-life for the
to the original 153-50-v4 synthetic nucleocapsid (“v4”), but  bulk miniprotein display library compared to 153-50-v4 by

encapsulation and protection were efficient enough to sequence qRT-PCR (about 44 min compared to 4.5 h, respectively)
the mRNA of individual library variants (Fig. 3£ and S/ Appendix, (ST Appendix, Fig. S4D).
Fig. S2). The resulting synthetic nucleocapsid (synNC) library, We next sequenced the synNC RNA recovered from the

the v4-pentamer display library, comprised 6.2 x 10° different  blood, heart, lungs, liver, kidneys, and spleen from all normal
synNC variants that each displayed a different miniprotein fused ~ mice and tumors isolated from tumor-bearing mice. We calcu-
to the surface via the pentamer (Fig. 3C). lated the log, (enrichment) values of sequences identified from
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Fig. 4. Biodistribution and sequencing analysis of miniprotein display library. (A) Experimental trajectory of library selection and fluorescence biodistribution
studies. SynNCs produced in E. coli were used in two rounds of in vivo library selection. In round 1A, the entire library was used. In round 1B, a smaller
(“bottleneck”) library was injected to achieve higher sequencing coverage. After rounds 1A and 1B, enriched miniprotein sequences in the heart or tumor were
selected and synthesized as a separate library solely containing these sequences (Eq. 2). After in vivo selection round 2, eight variants of interest with preferential
enrichment in the lungs, heart, heart and muscles, or tumor were selected for individual biodistribution assessment. (B and () Biodistribution of bulk synNC
mRNA recovered from major organs by qRT-PCR for the library (B) and vehicle control (C), reported as picomolar (pM) nucleocapsid (NC) genome per mg of
tissue. (D and E) Enrichment of sequences of interest in tissues of interest [heart only, heart and all other muscles tested (Muscles), lungs, and tumor] in normal
mice (D) and tumor-bearing mice (). (F) Phylogenetic tree from MUItiple Sequence Comparison by Log-Expectation (MUSCLE) of miniproteins identified in
D and E. (G) Superimposition of miniprotein structures predicted by ColabFold shows distinct conformations, despite similar protein sequences. The color scale
matches the phylogenetic tree labels in (F). B: n = 2 mice per group; error bars depict SEM. C: n = 1 mouse per group. “n.d.”: no data.

these organs compared to the input library that was adminis-
tered to the mice and selected 10,000 sequences that were pref-
erentially enriched in the heart or tumor (Eq. 2 in Materials
and Methods). We resynthesized a library for the third round of
in vivo selection, which contained 8,407 of the 10,000 selected
variants after synNC production and purification. We then
performed mRNA-Seq on all aforementioned organs in addition
to major muscle groups (diaphragm, gastrocnemius, soleus, and
tibialis anterior) and selected two variants enriched in each
target organ or organ group for further characterization: heart
only, heart and major muscle groups, lungs, or 4T1 tumors
from tumor-bearing mice (Fig. 4 D and E and Eq. 1). It has
previously been demonstrated that the incorporation of free
cysteines in peptides increases tumor accumulation by forming
disulfide bonds to serum albumin rather than a specific
receptor-ligand interaction; therefore, we only selected mini-
protein sequences without cysteines (87 Appendix, Table S3)
(27). Although some of the eight selected miniproteins have
homologous sequences, AlphaFold2 predictions revealed unique
3D conformations, surface hydrophobic networks, and surface
charge distributions (Figs. 4 F and G and 5 and SI Appendix,
Table S3) (28, 29). We were encouraged to see that each of the
eight variants, with the exception of the second tumor-enriched
miniprotein (Fig. 51), featured hydrophobic surface patches that
are characteristic of high-affinity minibinders (30).

PNAS 2023 Vol.120 No.46 2306129120

We then tested the biodistribution of fluorescently labeled nan-
oparticles displaying each of the eight selected miniproteins. Using
the same method as for the surface library variants of interest
(Fig. 1 Fand G), we individually produced and purified the pro-
tein nanoparticles, as well as a bare nanoparticle (i.e., nontargeted)
control, each with AF680 covalently conjugated to the interior
surface of the nanoparticle to enable fluorescence-based quantifi-
cation (87 Appendix, Figs. S2 and S5). We also produced two flu-
orescent nanoparticles displaying miniprotein sequences that were
enriched in the spleen but found that the observed spleen enrich-
ment was likely the result of free nRNA escaping unstable synNC
variants (8] Appendix, Figs. S5 N, O, S, and T and S6). As with
the surface library variants, we examined fluorescence biodistri-
bution by both qualitative whole organ IVIS imaging (SI Appendix,
Fig. S7) and a quantitative BCA-fluorescence assay on homoge-
nized organs (Fig. 6 and ST Appendix, Fig. S8). We measured the
AF680 fluorescence per ug organ protein in each sample and nor-
malized against the summed values across the major tissues in each
mouse to enable relative comparisons between samples (heart,
lungs, liver, kidneys, and spleen). The same data are plotted as raw
values in ST Appendix, Fig. S8, in which skeletal muscle tissues
were only processed from mice treated with Heart 1, Heart 2,
Muscles 1, and Muscles 2 variants. We observed 5.7-fold and
4.8-fold higher relative normalized accumulation of the Lungs 1
and Lungs 2 variants in the lungs compared to the nontargeted
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Enriched miniproteins have distinct topologies, surface hydrophobic networks, and surface charge distributions. () Key. (B-/) AlphaFold2 predictions (28)

of eight selected miniprotein structures enriched in lungs, heart, muscles, or tumor. The secondary structure, surface hydrophobicity, and surface electrostatic

potentials of each miniprotein were visualized in UCSF ChimeraX (29).

control, respectively (P < 0.01) (Fig. 6 C and 1); 5.7-fold and
3.0-fold higher relative accumulation of the Muscles 1 and Muscles
2 variants in heart tissue compared to the nontargeted control,
respectively (P < 0.01) (Fig. 6 E and /); and did not observe a

statistically significant increase in accumulation of any other

A B

variant. Tissue cryosectioning and immunofluorescence of non-
targeted, Lungs 1, and Muscles 1 nanoparticles in the heart and
lungs qualitatively agreed with the biodistribution data in Fig. 6.
We observed very little nontargeted nanoparticle signal in the

heart and lungs (S Appendix, Fig. S9 A and B). Importantly, the
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Fig.6. Normalized fluorescence biodistribution of variants of interest. Each graph shows the normalized fluorescence signal per pg homogenized organ protein
from mice injected with AF680-labeled nanoparticles (% total fluorescence per pug organ protein). (A) Nontargeted nanoparticle in normal mice; (B and C) Lungs
1 and 2 library variants in all organs (B) and compared to nontargeted nanoparticle in normal mice in the lungs only (C); (D and E) Heart 1, Heart 2, Muscles 1,
and Muscles 2 library variants in all organs (D) and compared to nontargeted nanoparticle in normal mice in the heart only (£); (F) Nontargeted nanoparticle-
AF680 in 4T1 tumor-bearing mice; (G and H) Tumor 1 and 2 library variants in all organs (G) and compared to nontargeted nanoparticle in the tumor only (H).
In A-H, circles depict individual values from normal mice. Triangles depict individual values from 4T1 tumor-bearing mice. n = 3 mice per group. Error bars
depict SDs. Statistics: Ordinary one-way ANOVA with Tukey’s correction for multiple comparisons. **P < 0.01; ns: not statistically significant. Only statistically
significant comparisons are indicated in C and E. (/) Log,y(enrichment) of specific sequences in target organs from mRNA-Seq (Fig. 4 D and E and Eq. 2) versus
fold-change normalized accumulation in target organs over nontargeted nanoparticles by fluorescence biodistribution show positive correlation. The dashed
line is a linear fit to the data. (/) Key.
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Lungs 1 signal is diffuse in the lungs but not heart (57 Appendix,
Fig. S9 Cand D), and the Muscles 1 signal is diffuse in the heart
but not lungs (SI Appendix, Fig. S9 E and F).

We suspected that the minor increased relative accumulation
of Tumor 1 in 4T1 tumors could have been due to nonspecific
accumulation enabled by the large, positively charged patch on
the surface of the miniprotein (Figs. 54 and 6H). Additionally,
since in vivo phage display often yields targeting domains that
bind tumor vasculature (31, 32), we suspected that Tumor 1 could
have bound tumor vasculature instead of the 4T'1 tumor cells. By
tissue cryosectioning and immunofluorescence, we observed
Tumor 1 signal exclusively in the vascular endothelium of the
tumor, and we did not observe signal from nontargeted or Muscles
1 nanoparticle samples in tumor (S/ Appendix, Fig. S9 G-I).
However, we did not observe binding of Tumor 1 to 4T1 tumor
cells or to murine brain endothelial (BEND3) cells in vitro
(SI Appendix, Fig. S10). To examine distribution- and elimination-
related effects on organ accumulation, we measured the serum
circulation half-lives of AF680-labeled nontargeted, Lungs 1,
Muscles 1, and Tumor 1 nanoparticles (57 Appendix, Fig. S11 and
Table S3). Based on a two-compartment pharmacokinetic model,
all samples exhibited distribution half-lives less than 30 min except
M1-AF680, which exhibited a distribution half-life of 1.26 h. We
also noted increased relative target organ accumulation by fluo-
rescent nanoparticles displaying organ-matched miniproteins
compared to nanoparticles displaying non-organ-matched mini-
proteins. For example, the Lungs 1 and Lungs 2 samples were the
only variants to exhibit significantly increased accumulation in
the lungs, and Muscles 1 and Muscles 2 were the only variants to
exhibit significantly increased relative accumulation in heart tissue
(Fig. 6). Last, we observed a slight positive correlation between
enrichment score and fold-change of both nonrelative and relative
organ accumulation compared to nontargeted nanoparticles

(Fig. 61 and SI Appendix, Fig. S8M).

Discussion

Here, we employ in vivo library selection of synthetic nucleocap-
sids to identify variants with altered tissue biodistribution and to
select for specific tissue accumulation. In vivo library selection is
a powerful method for targeting domain identification because
millions of candidates can be simultaneously injected and evalu-
ated in vivo, and those exhibiting the desired behavior can be
identified by linking genotype to phenotype (e.g., biodistribu-
tion). Unlike in vitro library selection approaches, which are typ-
ically based on a subset of the functional requirements required
to achieve a desired outcome (e.g., receptor binding), in vivo
library selection subjects the libraries to the complete set of known
and unknown functional requirements and physiological barriers.
We are still unable to comprehensively recapitulate and account
for these physiological barriers during in silico design or in vitro
testing.

The stringency of in vivo selection together with the semirational
library design (i.e., randomly selected miniproteins that were com-
putationally designed to fold into binder-like structures) enabled
the identification of well-performing variants in just two rounds of
selection. Other in vivo library selection techniques like peptide
phage display have also been shown to yield promising results in
just two to three rounds of in vivo selection (33, 34). In comparison,
in vitro selection techniques like SELEX, in which random oligo-
nucleotide libraries are screened against a target, typically require 5
to 10 rounds of selection to identify aptamers that bind specific cell
populations or 10 to 15 rounds of selection to identify aptamers
that bind specific proteins (35-37). Notably, incorporating more
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rational design into both library design and in vivo selection strategy
could further decrease the number of rounds of selection needed to
achieve a desired result and further improve the quality of the mol-
ecules identified. For example, designing more complex surface
libraries or miniprotein binder libraries against specific targets is
now possible using cutting-edge machine learning-based design
methods and would enable the in vivo library selection strategy to
be tailored to those targets (27, 38).

The ability to sequence library mRNA from multiple tissues
enabled simultaneous positive selection for accumulation in tissues
of interest and negative selection for accumulation in off-target
tissues. However, this selection scheme is not immune to the per-
vasive hurdle of distinguishing false positives from true positives
that recognize the target through a specific molecular interaction.
Four of the eight selected variants exhibited statistically significant
shifts in biodistribution and target organ accumulation compared
to nontargeted nanoparticles (Lungs 1, Lungs 2, Muscles 1, and
Muscles 2), and one library variant showed a minor, nonstatisti-
cally significant increase in relative 4T1 tumor accumulation
compared to nontargeted nanoparticles (Tumor 1). Tissue cryo-
sectioning and immunofluorescence of the Lungs 1, Muscles 1,
and Tumor 1 variants agreed with these biodistribution trends,
where Lungs 1 and Muscles 1 variants exhibit diffuse signal
throughout the target tissue and the Tumor 1 variant shows a low
magnitude of signal lining the tumor vasculature (57 Appendix,
Fig. §9). Consistent with previous results (12) and the surface
library results (Fig. 2 D—F), none of the variants with log,, (enrich-
ment) scores below 1.0 exhibited a statistically significant increase
in fluorescent nanoparticle accumulation in the target tissue(s),
while three of the four variants with log,,(enrichment) scores
greater than 1.0 did (Fig. 6/). However, we have yet to demon-
strate whether these shifts in biodistribution are caused by specific
receptor-ligand interactions; other undesired or nonspecific phe-
nomena could be responsible. Further experiments including
additional organ cryosectioning and immunofluorescence imaging
are needed to understand the mechanisms of target organ accu-
mulation and to identify molecular targets the miniproteins might
be binding.

Importantly, the ability to detect congruence between separate
readouts may have helped avoid the selection of false positives in
some cases. Both variants that were selected for preferential enrich-
ment in all five of the muscles—heart, diaphragm, gastrocnemius,
soleus, and tibialis anterior—were mutually corroborating
(Muscles 1 and Muscles 2, Fig. 4D). Indeed, both variants suc-
cessfully showed increased accumulation in the target tissues by
fluorescence biodistribution (Fig. 6 D and E and S/ Appendix,
Fig. S8 D-I). Additionally, the ability to rapidly predict the 3D
conformation of miniproteins of interest with reasonably high
confidence, confirming that they were likely folding into tertiary
protein structures with binder-like properties, aided our selection
of variants to further examine (Fig. 5) (28, 39).

Our results support the growing body of research highlighting
the power of in vivo library selection for identifying nanoparticles
with desired physiological and functional properties (4, 5, 12).
Not only could miniprotein binders of interest from this study be
modularly applied to other delivery platforms to potentially confer
altered tissue tropism [e.g., the Muscles 2 miniprotein could be
displayed on lentivirus or AAV via SpyCatcher-SpyTag (40, 41)],
synNCs displaying miniproteins of interest could also be formu-
lated as delivery vehicles themselves by encapsulating therapeutic
molecules instead of self~-mRNA or fluorophores (1, 42). Addit-
ionally, miniproteins could be optimized for desired in vivo behav-
iors using this platform, then extracted and used on their own in
a manner similar to antibody-based therapeutics (43). These
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methods could also be applied to virus-like particles or protein
nanoparticles of different sizes, shapes, and surface chemistries
that could be better suited to specific delivery applications (38,
44-49). In conclusion, the synthetic nucleocapsid library selection
platform described in this work can be implemented in various
ways to advance the discovery and optimization of protein-based
therapeutics.

Materials and Methods

Logo(enrichment) score of synNC surface library variant sequence s in tissue t
compared to v4 sequence v from tissue t containing up to x unique sequences.

maleimide (ThermoFisher A20344) at 4 °C overnight or at room temperature for
2 h prior to dialysis to remove free fluorophore, quenching with 10-fold molar
excess dithiothreitol (DTT, ThermoFisher P2325), purification on a PD-10 desalting
column (Cytiva 17085101), and purification by SEC.

Biochemical Characterization. Proteins were characterized as previously
described (12). Briefly, the molecular weight was analyzed by SDS-PAGE, nucleic
acid and protein comigration and RNase resistance was analyzed by native aga-
rose gel electrophoresis, and polydispersity and size were measured by dynamic
light scattering (DLS) and negative stain transmission electron microscopy (nsEM).
Protein concentrations were measured by either Qubit (Invitrogen Q33212), UV-
Vis spectroscopy, or Bradford assay (Thermo Scientific 23200). Molecular protein

log,o (enrichment) = [(representation of sint)/(representation of vint)]

S

= [(Zs readsint/ Z; reads in t)/(ZV readsint/ ZXO reads in t)] = [(Zs reads in t)/(zv reads in t)] (1]

Log,(enrichment) score of miniprotein sequence m in tissue t containing up to x unique sequences compared to input library dose i containing up to y unique sequences.

logyy (enrichment) = [(representation of mint) / (representation of min )] = [(Zm readsint/ Z; readsin t)/(Zm readsini/ Zf) reads in /)] (2]

AF680 signal per pg tissue protein normalized to the sum of each organ for each individual mouse.

% total AF680 signal per ug tissue protein t from mouse with x number of tissues

= [(AF6BORFUInt)/(ug proteinint)|/ [

Cloning Synthetic Nucleocapsid Libraries.

Surface library. The 153-50-v4 synthetic nucleocapsid (synNC) genome was
PCR-amplified as previously described (12). Oligonucleotides encoding for the
degenerate codons described in S/ Appendix, Table S1 were utilized to construct
the surface library via PCR-based site-directed mutagenesis.

Miniprotein library. The 153-50-v4 synthetic nucleocapsid (synNC) genome
was PCR-amplified as previously described (12). Randomly chosen (double-
blind) libraries of miniprotein designs were obtained from the Baker Lab oli-
gonucleotide chip stocks, synthesized by Twist, IDT, CustomArray, or Agilent.
Miniprotein sequences were qPCR-amplified by primers thatincluded overlap
sites with the synNC genome (S/ Appendix, Table S2). Assembly PCR was per-
formed to genetically fuse the miniproteins to the synthetic nucleocapsids.
Assemblies were cloned into pet29h(+) protein production vectors via Gibson
Assembly (NEB E2611L), electroporated into DH10beta cells (NEB C3019H),
and grown at 37 °C on agar-kanamycin plates overnight. Plates were scraped,
plasmid DNA was isolated, plasmid DNA was electroporated into BL21 Star
(DE3)(ThermoFisher C601003) or Lemo21(DE3) (NEB C2528J) producer cells,
and cells were grown at 37 °C on agar-kanamycin plates overnight. Fresh
chemically competent cells were expanded and prepared for electroporation
per the manufacturer's instructions in Milli-Q water. Bacterial lawns were
collected from the plates and used to inoculate large producer cultures for
protein production. At both plating steps, bacteria were serially diluted and
spotted onto separate agar plates to calculate the approximate library size
and coverage. Library coverages of 10-fold to 100-fold were obtained in all
selection steps except miniprotein library selection round 1A.

Protein Production and Fluorescent Labeling. Proteins were produced and
purified as previously described (12). Briefly, proteins were expressed in E. coli
via IPTG induction or autoinduction (50), cell pellets were homogenized and
microfluidized, and the supernatant was subjected to immobilized metal affinity
chromatography (IMAC) at pH 8.0. Triton X-114 (Sigma Aldrich X114-500ML,
CAS 9036-19-5) was used to remove lipopolysaccharides (endotoxin). Samples
were incubated with 10 ug/mLRNase H (ThermoFisher 18021071) for 10 min at
room temperature to remove free RNA. Immediately following RNase treatment,
size-exclusion chromatography (SEC) was performed on a Superose 6 Increase
10/300 GL column (Cytiva 29-0915-96) on a GE AKTA Pure with PBS or HEPES
buffer at pH 7.4. Samples were stored at 4 °C and sterile filtered before use. For
fluorescent labeling, samples were labeled with fivefold to 10-fold molar excess
of Alexa Fluor 488 C5 maleimide (ThermoFisher A10254) or Alexa Fluor 680 C2
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D (AF680 RFUini)/ (g protein in i)] . (3]

i=0

masses were measured by intact mass spectra obtained via reverse-phase LC/MS
on an Agilent G6230B TOF on an AdvanceBio RP-Desalting column and decon-
voluted with BioConfirm using a total entropy algorithm. Endotoxin was meas-
ured (Charles River Endosafe LAL Endotoxin Cartridges, PTS201F) (SI Appendix,
Table S5).

In Vivo Library Circulation, Fluorescence Biodistribution, and Organ
Recovery. All animal studies were approved by the Institutional Animal Care
and Use Committee at the University of Washington and were conducted
in accordance with use and regulations and OAW standards. Female BALB/c
mice (BALB/cAnNCrl, Inbred, strain code 028) were purchased from Charles
River Laboratories at 6 to 8 wk of age. To establish tumor-bearing mice, 9- to
10-wk-old mice were inoculated subcutaneously near the lower right nipple
with 1to 2 million 4T1 cells, and tumors were allowed to grow to about 100
to 200 mm? in size, approximately 1 to 2 wk before the start of the study.
Mice were intravenously (IV) (retro-orbitally) injected (ROI) with 150 uL of
sample (0.5 to 4 nanomoles protein nanoparticle asymmetric unit). After the
designated circulation time, mice were killed with Avertin overdose and cardiac
puncture. Blood was collected from the vena cava into EDTA-lined tubes. PBS
perfusions through the left ventricle were performed. Organs were collected
and immediately snap-frozen. For fluorescent imaging, organs were imaged
with Xenogen IVIS before snap-freezing.

RNA isolation from snap-frozen tissues was performed within 1 wk of the
in vivo study. Frozen tissues were ground in liquid nitrogen with a mortar and
pestle over dry ice to remain frozen. A subset of the ground tissue was weighed,
dissolved in TRIzol, sonicated with a Sonic Dismembrator 60 (Fisher Scientific),
and stored at —80 °C until RNA extraction. We experienced great difficulty homog-
enizing the muscles with the hand-held homogenizer. Snap-freezing and grind-
ing the frozen muscles with a mortar and pestle, as we employed to recover RNA
from muscles and organs during the selection steps, could be a more reliable
method to measure accumulation in muscles moving forward.

To measure AF680 fluorescence per pg tissue protein, tissues were thawed and
suspended in RIPA buffer (Thermo 89901) supplemented with DNase (Thermo
90083) before homogenizing with OmniTissue Homogenizer (TH). Homogenized
tissues were spun down and lysate relative fluorescence units at 679 nm were
read on a plate reader (infinite M200PRO plate reader, Tecan). In parallel, Pierce
BCA Protein Assay Kits were utilized according to the manufacturer's instructions
to quantify the amount of tissue protein per sample (ThermoFisher 23225). AF680
signal per pg organ (or tissue) protein was calculated by dividing the AF680 RFU
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by the pg organ protein calculated by the BCA assay. These values were then
normalized (Eq. 3 in Materials and Methods).

To measure serum circulation half-lives, 0.5 nmoles of AF680-labeled nan-
oparticle ASU was 1V. R.0.l.-injected into normalBALB/c mice. Each sample was
administered to two groups of mice (n = 3 mice per group). Blood was collected
from group Aat 5 min, 2 h, and 24 h. Blood was collected from group B at 30
min, 6 h, and 24 h. Blood was immediately centrifuged, serum was aspirated,
and samples were frozen on dry ice. Samples were stored at =80 °Cforup to4 d
prior to measuring fluorescence with an infinite M200PRO plate reader (Tecan).
Two-phase exponential decay was performed in GraphPad Prism 9.

RNA Extraction, Reverse Transcription, qPCR, and Illlumina Sequencing.
Samples were stored in TRIzol (Invitrogen 15596026) at —80 °C. RNA was puri-
fied from samples using RNeasy Kits (Qiagen 74104 or 74106) according to
the manufacturer's instructions. RNA and DNA concentrations were measured
with NanoDrop or Qubit (Invitrogen 032852, Q32854). Reverse transcription
(PrimeScript 1st strand cDNA Synthesis Kit, Takara 6110A), quantitative PCR (KAPA
HiFi HotStart Ready Mix, Roche; SYBR Green, Invitrogen S7563), and sequenc-
ing on the lllumina MiSeq (Illumina MiSeq Reagent Kit v3, MS-102-3003; 5%
PhiX Control v3, FC-110-3001) were performed as previously described and/or
according to manufacturer's instructions unless otherwise noted (12).

The skpp-132-R reverse primer was used for reverse transcription instead
of the primers and 6mers provided by the Takara PrimeScript 1st strand cDNA
Synthesis Kit (5’-CATACTGTTGGTTGCTAGGC-3'). The skpp-132-F forward primer
was used to amplify synNC genomes with qPCR (5’-TAGGATTACTGCTCGGTGAC-3").
The skpp-offset-R reverse primer was used to amplify synNC genomes and
to later amplify miniprotein sequences out of synNC genomes with qPCR
(5’-GTTGCTAGGCTCAGIGATGG-3’). A separate forward primer was used in
combination with skpp-132-R to amplify the miniprotein sequences out
of synNC genomes for sequencing (forward primer named ¢ _ lib _ fwd,
5'-GTATCTTTGACGGCTCCGGT-3').

Sequencing Analysis. Sequencing analysis was performed by aligning the
MiSeq output files with PEAR (a fast and accurate llumina Paired-End reAd
mergeR) and using custom Python scripts (51). Library diversity was calcu-
lated by summing the number of unique variants observed in the sequencing
results for each library, from which variants of interest were chosen. Scripts and
processed sequencing data are available in the following GitHub repository:
https://github.com/aolshefsky/in_vivo_miniprotein_selection.git (52). Raw
sequencing data are available in the NIH Sequence Read Archive, BioProject
accession number PRINA994506 and PRINA999343 (53, 54).

Flow Cytometry Binding Study. 471 and BEND3 cells were separately cul-
tured in RPMI 1640 with 10% FBS (Gibco 11875093) at 37 °C at 5% CO,. Cells
were dissociated with StemPro Accutase (Gibco A1110501). Cells were stained
with ZombieViolet viability stain (BioLegend 423113) in HEPES buffer (20 mM
HEPES, 150 mM NaCl, pH 7.4). Fluorescent nanoparticles were incubated with
cellsin HEPES buffer with 1% w/v BSAfor 30 min on ice. Cells were washed three
times with HEPES-1% BSA prior to examination on an Attune NxT Flow Cytometer
(Invitrogen). Data were analyzed using FlowJo.

Tissue Cryosectioning and Immunofluorescence. Nanoparticles and mice
were prepared and administered as described in the In vivo library circulation,
fluorescence biodistribution, and organ recovery methods section. After a 30-
min circulation time, mice were perfused with 20 mL PBS followed by 10 mL
4% PFA. Organs were removed and transferred to 5 mL 4% PFA and stored at
4 °C overnight, protected from light. The next day, organs were transferred to
15% sucrose w/v in TBS (20 mM Tris, 150 mM NaCl, pH 7.4) and stored at 4 °C
for approximately 24 h, protected from light. Tissues were then transferred to

1. A Olshefsky, C. Richardson, S. H. Pun, N. P.King, Engineering self-assembling protein nanoparticles
for therapeutic delivery. Bioconjug. Chem. 33,2018-2034 (2022).

2. M.J.Mitchell et al., Engineering precision nanoparticles for drug delivery. Nat. Rev. Drug Discov. 20,
101-124(2021).

3. E.Blanco, H. Shen, M. Ferrari, Principles of nanoparticle design for overcoming biological barriers to
drug delivery. Nat. Biotechnol. 33,941-951(2015).

4. C.D.Sago et al., Nanoparticles that deliver RNA to bone marrow identified by in vivo directed evolution.
J.Am. Chem. Soc. 140,17095-17105(2018).
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30% sucrose w/v in TBS (20 mM Tris, 150 mM NaCl, pH 7.4) and stored at 4 °C
for approximately 24 to 48 h, protected from light. Tissues were placed in OCT
Compound, equilibrated for several minutes, and then frozen on dry ice before
storage at —80 °C for approximately 1to 2 wk. Tissues were sectioned into 10-um
slices onto positively charged slides using a freezing microtome, allowed to dry
for approximately 1 h at room temperature in the dark, and then stored at —80
°C until immunofluorescence staining.

In preparation for immunofluorescence staining, OCT residue was removed
from the slides, and tissues were incubated in 4% PFA in PBS for 10 min at room
temperature. Samples were blocked and permeabilized for 1 h at room temper-
ature [2% donkey serum (DKS), 2% bovine serum albumin (BSA), 0.3% Triton Xin
TBS]. Samples were then incubated with primary stain overnight at 4 °C, rocking
[2% DKS, 2% BSA, 0.3%Triton Xin TBS, goat anti-CD31 antibody at 1:500 dilution
(Novus Biological, AF3628) and rat anti-LYVE-1 antibody at 1:40 dilution (R&D
Systems, MAB2125-100)]. Samples were washed three times for 30 min each
with TBS 0.1% Tween-20. Samples were incubated with secondary stain for 1 h
atroom temperature[2% DKS, 0.1%Tween-20in TBS, anti-goat antibody-AF488
at 1:500 dilution (Jackson Labs 705-545-003) and anti-rat antibody-AF568 at
1:400 dilution (Abcam, ab175475)]. Finally, samples were washed three times,
allowed to dry completely, and covered with polyvinyl alcohol and glass coverslips.
Samples were allowed to dry at least overnight before imaging.

Samples were imaged on a Leica SP8X confocal microscope, and images were
processed in Fiji (55).

Figures and Statistical Analysis. Figures were made using Inkscape, GraphPad
Prism, PyMOL, UCSF ChimeraX, BioRender, Python, and FlowJo. Statistical analy-
ses were performed in GraphPad Prism 9.

Data, Materials, and Software Availability. Scripts and processed sequenc-
ing data, Raw sequencing data have been deposited in Github; NIH Sequence
Read Archive (https://github.com/aolshefsky/in_vivo_miniprotein_selection.git;
PRINA994506 and PRINA999343) (52-54). All other data are included in the
manuscript and/or S/ Appendix.
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