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Cardioprotective factors against myocardial infarction
selected in vivo from an AAV secretome library

Giulia Ruozi't, Francesca Bortolotti'*t, Antonio Mura', Mateusz Tomczyk'?3,
Antonella FaIcione‘, Valentina Martinelli', Simone Vodret4, Luca Braga1’3,
Matteo Dal Ferro?, Antonio Cannata®?, Lorena Zentilin', Gianfranco Sinagra®>,
Serena Zacchigna™®, Mauro Giacca'*>*

Therapies for patients with myocardial infarction and heart failure are urgently needed, in light of the breadth of
these conditions and lack of curative treatments. To systematically identify previously unidentified cardioactive
biologicals in an unbiased manner in vivo, we developed cardiac FunSel, a method for the systematic, functional
selection of effective factors using a library of 1198 barcoded adeno-associated virus (AAV) vectors encoding for
the mouse secretome. By pooled vector injection into the heart, this library was screened to functionally select for
factors that confer cardioprotection against myocardial infarction. After two rounds of iterative selection in mice,
cardiac FunSel identified three proteins [chordin-like 1 (Chrdl1), family with sequence similarity 3 member C
(Fam3c), and Fam3b] that preserve cardiomyocyte viability, sustain cardiac function, and prevent pathological
remodeling. In particular, Chrdl1 exerted its protective activity by binding and inhibiting extracellular bone morpho-
genetic protein 4 (BMP4), which resulted in protection against cardiomyocyte death and induction of autophagy
in cardiomyocytes after myocardial infarction. ChrdlI1 also inhibited fibrosis and maladaptive cardiac remodeling
by binding transforming growth factor-p (TGF-p) and preventing cardiac fibroblast differentiation into myofibro-
blasts. Production of secreted and circulating Chrdl1, Fam3c, and Fam3b from the liver also protected the heart
from myocardial infarction, thus supporting the use of the three proteins as recombinant factors. Together, these
findings disclose a powerful method for the in vivo, unbiased selection of tissue-protective factors and describe

potential cardiac therapeutics.

INTRODUCTION

Heart failure (HF) has reached epidemic proportions, affecting
~64 million people and standing as the main cause of death and
disability (7). Despite the remarkable progress in the clinical man-
agement of patients and the use of ventricular assist devices (), the
prognosis of HF remains poor, with mortality estimated at 6 to 7%
at 1 year (3). Thus, there is an urgent need to develop new treat-
ments to prevent HF.

An essential component underlying this epidemic burden of HF
is the loss of cardiomyocytes (CMs) in adult life, paralleled by the
inability of these cells to undergo renewal. This loss can be marked
during myocardial infarction (MI), when as many as 25% of the total
2 to 4 billion cells in the left ventricle (LV) can die (4). Therapeutic
reperfusion by percutaneous coronary intervention immediately
after MI reduces the infarcted area but contributes to CM death itself
by sudden oxidative stress (5). CM deficiency is not accompanied by
relevant new CM generation after birth. The normal adult human
heart is estimated to have less than 50% regenerative capacity over a
70-year lifetime (6), well below what would be required to compen-
sate for pathological loss.

These considerations indicate that the goal of preventing CM death
is of paramount importance. Unfortunately, no drug or treatment is
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currently effective for this purpose. Over the past years, several studies
have shown that brief episodes of coronary occlusion/reperfusion
preceding or after MI (ischemic pre- and postconditioning, respec-
tively) can reduce infarct size; even ischemia/reperfusion in distant
organs (remote ischemic conditioning) can confer cardioprotection
[reviewed in (= 9)]. Unfortunately, these studies have not yet trans-
lated into clinically effective applications (70). Most of these inves- .
tigations have focused on treatments that increase viable myocardium
immediately after MI, essentially by measuring protection from sudden
lack of oxygenation followed by reoxygenation. This approach, how-
ever, fails to provide information on events that occur at later times
from ischemia/reperfusion but are equally essential to determine
long-term CM survival and cardiac function. These include, among
others, the extent of perfusion and collateral flow formation, the
efficiency in removal of dysfunctional mitochondria, and the acti-
vation of intracellular protective pathways. These events are activated
several hours after the acute ischemic events and determine the fate
of a vast number of CMs in the so-called area at risk (/7), which can
be as large as 88% of the original infarct region (7.2). Developing a
molecule or a therapeutic strategy that protects CMs in these areas
of uncertain fate immediately after MI and throughout reperfusion
would be of immense therapeutic value.

Here, we sought to identify, in a fully unbiased and systematic
manner, the cellular proteins that can exert cardioprotective activity
after MI and to rank them according to their individual potency. We
report the generation of an arrayed library of 1198 adeno-associated
virus (AAV) barcoded vectors that encode for factors from the mouse
secretome and a method, which we named cardiac FunSel, for their
functional screening in vivo. This functional selection process led to
the identification of three previously undescribed proteins (Chrdl1,



Fam3c, and Fam3b) that exert powerful cardioprotective activity after
MI by suppressing CM apoptosis and stimulating protective auto-
phagy. We found that the cardioprotective activity of Chrdll, an
antagonist of bone morphogenetic protein (BMP) during embryonic
development (73), ensues from both preserving CM viability by block-
ing the negative effects of BMP4 on CM autophagy and inhibiting
cardiac fibrosis and remodeling after MI by suppressing the negative
effect of transforming growth factor-p (TGF-B) on cardiac fibro-
blasts. The identification of Chrdll and the other cardioprotective
proteins paves the way to the development of novel biological ther-
apeutics for M1

RESULTS

Systematically selecting cardioprotective factors in mice

Our previous proof-of-principle work in skeletal muscle has shown
that in vivo selection from pools of AAV vectors can be used to
identify factors protecting against muscle fiber death (74). We there-
fore wanted to (i) adapt the selection process to the systematic,
automated screening of a large AAV vector collection; (ii) develop a
library corresponding to all secreted factors (the secretome); and
(iii) directly screen this AAV library for factors exerting protective
activity against acute myocardial ischemia, which could eventually
be used as biotherapeutics. To achieve these goals, we developed
cardiac FunSel (Fig. 1A). Pools of 50 vectors at a time were generated
from an AAV serotype 9 (AAV9) cDNA library. Every pool was
injected into the heart at a relatively low multiplicity of infection, by
which the complexity of vectors entering each target cell is reduced.
Then, MI was induced to stimulate cell selection. Most myocytes
died; however, cells expressing protective factors gained selective
advantage and survived. After 3 weeks, vector DNA was recovered
from the survived myocardium, and the frequency of each vector
was determined by next-generation sequencing (NGS), detecting a
DNA barcode within the viral genome, which univocally identifies
each factor. Barcode read frequencies were compared to those in
noninfarcted animals injected with the same AAV9 pool and to
those in the viral preparation before injection. When a vector in-
duced CM protection, it was positively selected and, thus, enriched
over the others. The opposite holds true for factors favoring CM
death. Our previous proof-of-principle evidence using 40 factors
had indicated that multiple AAV vectors can be packaged simul-
taneously, infectivity of vector pools is maintained in vivo, and
transgene expression is proportional to vector dilution in the viral
mix (74, 75).

Because cardioprotection after MI requires prompt expression of
viral transgenes after vector administration, we determined the kinetics
of AAV-mediated cardiac transduction after MI. After intramyo-
cardial AAV9 injection, transgene expression was detected as early
as 2 hours after MI and was increased about 10 times in the subse-
quent 4 hours and an additional 10 times after 12 hours (Fig. 1B).
Thus, intramyocardial AAV injection after MI results in prompt
expression of the delivered vectors and supports the feasibility of
FunSel in the heart.

Generation of a mouse secretome library in AAV vectors

To apply cardiac FunSel in a systematic manner, we generated an
arrayed library of AAV vectors coding for the mouse secretome. In
each vector, the cDNA coding portion of a mouse secreted factor
was cloned downstream of the constitutive cytomegalovirus (CMV)

immediate early (IE) promoter and a synthetic intron and was fol-
lowed by a 20-nucleotide (nt) sequence for NGS adapter annealing
and a unique 10-nt sequence barcode (Fig. 1C). We started by con-
sidering 2033 unique proteins identified in the mouse genome that
displayed a signal peptide and lacked a transmembrane domain or
intracellular localization signal and were, thus, potentially secreted
(76). In addition, we also included factors that are released outside
the cells through unconventional secretion pathways [such as fibro-
blast growth factor 2 (FGF2) and interleukin-1 (IL-1) (Z7)]. The rela-
tively small size of the AAV genome, limiting cDNA cloning to 5 kb
including the promoter and regulatory regions, reduced the number
of cDNAs to 1604 genes (78.9%; fig. S1A). The availability of physi-
cal cDNA clones from the Mouse Genome Collection (MGC) (78, 19),
IMAGE (20), or FANTOM libraries (27) further trimmed the num-
ber of factors to a final complexity of 1198 individual AAV clones
(Fig. 2A and table S1). Abundant and rare transcripts are equally
represented in this arrayed collection of clones, which is composed
of cytokines, growth factors, hormones, chemokines, interleukins, extra-
cellular matrix proteins, secreted enzymes, and other Gene Ontology
(GO) categories of secreted proteins, including a few hundred novel
proteins of unknown function (fig. S1B). After cloning and charac-
terization, we organized the vectors into 24 pools of 50 factors each
according to insert length to avoid bias in packaging (/4). Most vec-
tors in all pools had comparable packaging efficiency, as determined
by barcode NGS of viral lysates (z score within +1.96 for 1170 of
1200 vectors, which corresponds to 95% of the distribution; Fig. 2B).

In vivo functional selection of factors protecting

the heart after MI

Each 50-vector AAV9 pool was injected into the LV of eight adult
CD1 mice immediately after MI and of six mice without infarction.
Each heart was injected with 30 pl of a vector pool preparation with
a titer of 1 x 10" viral genomes/ml to minimize transduction of a
single cell by multiple vectors (74). This also limits the probability
of bystander CM coselection, namely, that a CM transduced with an
irrelevant vector is coselected with a CM secreting a cardiopro-
tective protein.

After 3 weeks, animals were euthanized, cardiac DNA was ex-
tracted, and barcodes were polymerase chain reaction (PCR) ampli-
fied and sequenced by NGS. Cumulative barcode recovery for each
of the 24 AAV9 pools is shown in fig. S1C. For each of the factors in
the 24 vector pools, we determined the ratio between the number of
reads in animals with and without MI, along with the confidence
intervals of each distribution at 95 and 99% (fig. S2, blue and red
dotted line, respectively). This ratio is independent of virus packaging
efficiency. Factors with a total number of reads =50 were consid-
ered in the analyses. Only 24 factors out of the 1198 tested showed
reads below this threshold and were not analyzed further; 16 of
these were included in pool 23, which contains the vectors with the
longest cDNA inserts.

To permit comparison among the 24 different vector pool distri-
butions, z scores were assessed for all vectors” log(MI/sham) ratios
(table S2). Overall, the 1% tails of the distributions consisted of
21 factors, of which 15 exerted positive (zscore = 2.58) and 6 negative
(zscore < 2.58) function. Additional 37 vectors were within the 5%
tails (15 positive and 22 detrimental; zscore + 1.96). Figure 2C sche-
matically shows the cumulative results obtained from the entire
secretome library with the indication of the 1 and 5% confidence
intervals, Compared to vector distribution in the original library, the
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Fig. 1. In vivo functional selection of cardioprotective proteins. (A) Schematic illustration of FunSel for cardioprotection. A pool of plasmids coding for different factors is used to
generate a pool of AAV9 vectors, which are then injected intramyocardially in mice; each vector transduces different cardiomyocytes (CMs). Selection is then applied by inducing
MI. After 3 weeks, barcoded vector DNA is PCR amplified and sequenced by next-generation sequencing (NGS). Factors exerting cardioprotective activity are relatively enriched in CMs.
(B) Evaluation of the onset of AAV-mediated expression in the infarcted heart. AAV9-ZsGreen vectors were delivered to the infarct border region immediately after MI, and expression
was evaluated at the indicated time points after injection. Values show the amount of transgene mRNA upon normalization for endogenous hypoxanthine guanine phosphoribosyl-
transferase (HPRT) (means+ SEM; n=3 per time point, three samples per animal). (C) Schematic representation of the pGi vector plasmid used for the secretome library generation.
The primers to amplify the 10-base pair (bp) barcode region are indicated by black arrows. The pGi AAV-backbone plasmid also contains two inverted terminal repeat (ITR) sequences,
essential for recombinant AAV vector production. CDS, coding sequence; CMV IE, cytomegalovirus immediate early promoter ; MCS,Multiple cloning site; polyA: polyadenylation site.

GO categories that were statistically enriched after selection were
those for growth factor, hormone, calcium, and, in particular, devel-
opmental protein (fig. S1B).

Cardiac FunSel is a competitive method that allows ranking effi-
cacy of the selected factors once tested together. Therefore, we
obtained four additional AAV9 pools (pools A to D; table §3), each
composed of 50 vectors, to establish a final hierarchy of potency. These
final 200 vectors included the 58 factors characterized by zscore > 1.96
in pools 1 to 24 plus an additional 142 factors from the original
24 pools. These additional factors, which are highlighted in bold
black letters in table S2, were selected among the additional top 2 to
10 of each of the 24 pools’ distributions.

These 200 selected vectors were assigned to the four 50-vector
groups according to insert length to permit comparable packaging
efficiency. The four pools were then used for in vivo selection in
eight infarcted and six control mice per pool. AAV packaging effi-
ciency and virus barcode recovery for NGS for all vectors in the four
pools are shown (fig. §3, A and B, respectively). The ratio between
the number of reads in sham animals and animals with MI, along
with the confidence intervals of each factor distribution at 95 and 99%
(blue and red dotted line respectively), is in fig. S3C. The cumulative
results for this second round of screening are summarized in Fig. 2D.
Three factors resulted in enrichment with a zscore = 2.58 and four
factors with a zscore = 1.96 (table S3 in red and blue, respectively).

The top seven performers included five proteins for which no
information is available relative to cardiac biology. These were two
members of the family with sequence similarity 3 (Fam3), Fam3b
and Fam3c (22, 23), both from pool B; the NHL repeat-containing
protein 3 (Nhlre3) (24 and chordin-like 1 (Chrdll) (73) from pool
C; and the HtrA (Htral) protein (25) from pool D. The other two
selected proteins were both in pool A and are midkine (Mdk), which
was reported to exert a protective role against cardiac injury (26),
and relaxin-1 (RIn-1), which belongs to the relaxin family of pro-
teins for which there is evidence on cardiovascular effects (27, 28).
Selection of these last two factors was considered a good indication
of the efficacy of cardiac FunSel.

Analysis of the 100 factors that were negatively selected according
to the GO terms revealed an enrichment for inflammatory chemo-
kines and cytokines. At least seven of these negative factors [Mmp7
(29, 30), Fstl3 (31, 32), CCI21 (33, 34), CCI3 (35, 36), Fgf23 (37, 38), Cxcl2
(39, 40), and IL-9 (£/-43)] have already been reported to individually
worsen cardiac function after MI (fig. S4). This further strengthens
the effectiveness of the selection process. We did not consider the
negatively selected factors further in the continuation of this study.

Efficacy of individual cardioprotective factors
The five novel selected factors identified by FunSel plus Mdk as a refer-
ence positive control were chosen for further individual investigation.
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Fig. 2. AAV secretome library screening after myocardial infarction (MI). (A) Selection of cDNAs for the generation of the AAV mouse secretome collection. (B) Pack-
aging efficiency of AAV clones after pooled production. The graph shows the cumulative zscore distributions of all cDNA clones in the 24 AAV9 pools of the secretome
library, as quantified in the vector lysates, plotted against the length of vector insert. cCDS, cDNA coding sequence. The total AAV insert length has additional 689 bp,
which include the CMV promoter and poly A site, identical for all clones. (C) Cumulative results of the in vivo competitive screening of the 1198 AAV vectors of the FunSel
library after MI. AAV9 vectors were organized into 24 pools, each composed of 50 different vectors. The waterfall plot shows the zscores for enrichment factors, arrayed
by ascending the magnitude of effect. Each dot shows the relative enrichment of each factor, as detected by barcode abundance over control, undamaged hearts (sham),
3 weeks after administration (0, no selection; positive values, enrichment; negative values, negative selection). The pink- and violet-colored areas indicate zscore = +1.96
and zscore > +2.58, respectively. Individual results for each of the 24 pools are shown in fig. 52. (D) Waterfall plot showing the cumulative results obtained from the in vivo
screening of the top 200 factors enriched in the first round of selection. Data are presented as in (B). Statistically selected top factors are in red (zscore > 2.58) or blue

(zscore >1.58).

We wanted to confirm the efficacy of the top selected factors once
delivered as individual AAV9 vectors after MI. Adult female CD1
mice underwent surgical induction of MI and then received in-
tramyocardial injections of AAV9 vectors (1 x 10" vg per animal;
7 = 8 per group) expressing each of the top five genes (Chrd/i,
Fam3e, Fam3b, Htral, and Nhirc3), Mdk, or a control vector con-
taining an empty polylinker (AAV9-Control) into the infarct border
zone (Fig. 3A). This resulted in efficient myocardial transduction
and long-lasting transgene expression for each of the six tested AAV9
vectors, both after MI (fig. S5A) and also in healthy hearts, as in-
vestigated for Chrdll, Fam3c, and Fam3b (fig. S5, B and C). The
same vectors were also effective at driving transgene expression
in isolated neonatal CMs [fig. S5 (D and E) for mRNA and protein
amounts, respectively].

As assessed by echocardiography 15, 30, and 60 days after treatment,
Chrdll, Fam3c, and Fam3b were very effective at maintaining cardiac
function and preventing post-MI cardiac dilatation [Fig. 3 (Band C),
respectively]. Left ventricular ejection fraction (LVEF) was 47.7 + 3.6%,
43.8 + 2.7%, and 40.5 + 2.8%, respectively, 60 days after MI and treat-
ment, compared to 19.5 £ 2.7% in the AAV9-Control-injected animals

(#£<0.01inall three cases). At the same late time point, LV end-diastolic
volume (LVEDV) was 66.2 + 7.0, 70.0 = 5.2, and 78.0 + 2.7 ul for
Chrdl1, Fam3c, and Fam3b, respectively, versus 124.6 + 8.8 pl for con-
trol animals (£ < 0.01 in all cases). Additional parameters of cardiac
function are shown in fig. S6. Two other factors, Htral and Nhlrc3,
were also effective in reducing dilatation (left ventricular end diastolic
diameter, LVEDV) and partially improving function (left ventricular
fractional shortening, LVFS, and LVEF), however less efficiently. All
factors outperformed Mdkl.

Morphometric analysis on trichrome-stained heart sections after
animal euthanasia at day 60 indicated that all the six investigated factors
significantly preserved LV mass and reduced the fibrotic area (Fig. 3, Dto G).
Infarct size was 7.5 £ 0.8%, 10.9 + 1.1%, and 13.5 + 1.4% of LV for Chrdll,
Fam3c, and Fam3b, respectively, compared with 30.6 + 1.3% for the
AAV9-Control-treated animals (£ < 0.01 in all cases; Fig. 3E).

Therapeutic effect of circulating cardioactive factors after Ml
To evaluate whether circulating Chrdll, Fam3b, and Fam3c can ex-
ert their protective function once reaching the heart from the circu-
lation, as opposed to being expressed within the heart using viral
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ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume. (D) Representative images of Masson'’s trichrome stains of heart transverse sections 60 days after
MI and vector injection. Fibrotic areas are stained blue. (E) Quantification of left ventricle (LV) infarct size. Data are means + SEM; 7=8 per group; **P<0.01 versus
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post hoc correction.

vectors, thus paving the way to their use as recombinant proteins,
we designed a strategy in which each of the three factors was secreted
from the liver into the blood. We generated liver-specific AAV vec-
tors by cloning each factor’s coding sequence under the control of
the human -1 antitrypsin (hAAT) promoter, which ensures exclu-
sive expression in hepatocytes (44, 45), and we packaged the vector
DNAs using the liver-specific AAV8 (Fig. 4A). Each factor was tagged
with a Flag epitope in the absence of available reliable, specific anti-
bodies. The scheme of the experiment is shown in Fig. 4B. One week
after direct intraparenchymal injection into the liver, transgene ex-
pression and protein release in the circulation were assessed by real-
time PCR and Western blotting, respectively. Transgene expression
was robust for all three factors (Fig. 4C), and each protein was de-
tectable in both liver lysates and in serum (Fig. 4D). No expression
of the factors was detected in the heart by reverse transcription PCR
(Fig. 4C). Three days after assessment of effective protein secretion,
animals were subjected to MI and then followed by echocardiography
at days 15, 30, and 60 after MI. All the treated mice showed improve-
ment in cardiac function and less-pronounced LV remodeling than
control animals, similar to what was observed after AAV9 vector-
mediated intracardiac transduction. In particular, the therapeutic effects
of Chrdll, Fam3c, and Fam3b were already evident 15 days after MI
and were maintained for 2 months (LVEF: < 0.001 for Chrdll, Fam3c,
and Fam3b versus AAV8-Control at 60 days; Fig. 4E). Negative cardiac
remodeling was also prevented by each of the three factors (LVEDV:
P<0.001 for Chrdll, Fam3c, and Fam3b versus AAV8-Control at
60 days; Fig. 4F).

In line with the protective effects of the three factors, the liver-
treated mice developed smaller infarct scars, as assessed from

trichrome-stained heart cross sections. Infarct size was significantly
reduced compared to control animals (2 < 0.01 for all three proteins;
Fig. 4, G and H). Collectively, this set of data indicates that Chrdll,
Fam3c, and Fam3b can preserve cardiac integrity and function after
MI when reaching the heart from the circulation.

Mechanisms of cardioprotection by ChrdI1

Next, we focused on Chdrll because this factor was particularly ef-
fective at both preserving muscularization and preventing negative
cardiac remodeling after MI. Chrdll belongs to the Chordin family
and acts as a BMP inhibitor in early cardiac development (/3). No
role has, so far, been reported for Chrdll in the adult heart. We started
by investigating the effects of Chrdll in infarcted animals 1 month
after the treatment. Consistent with the reduction in infarct size and
prevention of pathological remodeling, CM cross-sectional area, a
measurement for the compensatory hypertrophic response, was mark-
edly blunted in the Chrdll-treated animals and not different as in
noninfarcted hearts (Fig. 5A).

Angiogenesis as measured by an increase in capillaries [CD31"
or wheat germ agglutinin (WGA™) vessels] or arterioles [a-smooth
muscle actin (SMA™) vessels] was not significantly different in the
Chrdll-treated hearts (Fig. 5B) compared to controls. We thus turned
our attention to the events that occur at earlier times after MI. Con-
sistent with a direct protective role in CM viability, we found that
Chrdll markedly suppressed apoptotic cell death. Two days after
MI, 30.1 + 1.7% of cells were positive for terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end labeling
(TUNEL) staining in the LV anterior wall of control animals versus
4.3 + 0.6% in the animals treated with Chrdll (2 < 0.01; Fig. 5C).
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tion. (E and F) Echocardiographic analysis at the indicated time points after Ml in animals treated with the indicated
factors [color code as in (H)]. Data are means + SEM; 7=8 per group; *£< 0.05 and **P< 0.01 versus AAV9-Control; two-way
ANOVA with Bonferroni post hoc correction. (G) Representative images of Masson'’s trichrome stains of heart transverse
sections 60 days after MI. Fibrotic areas are stained blue. (H) Quantification of LV infarct size. Data are means + SEM;
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In the same hearts 2 days after infarction,
we also found that Chrdll markedly stim-
ulated CM autophagy. Both the conver-
sion of LC3-I to LC3-II and the amount
of Atg5 were significantly higher in the
hearts of the treated animals (2 < 0.05
and 7 < 0.01, respectively; Fig. 5D).

We were intrigued by the possibility
that Chrdll exerted its cardioprotective
activity by the stimulation of protective
CM macroautophagy (hereafter referred
to as autophagy) (46). We thus used AAV6
vectors to transduce neonatal rat ven-
tricular CMs in vitro to express Chrdll
(fig. S5, D and E). We found that Chrdl1
promoted evident formation of auto-
phagosomes in CMs, as indicated by an
increase in the number of LC3-positive
vesicles 72 hours after transduction
(Fig. 5E). This was consistent with in-
creased amounts of the translipidated
form of LC3 (LC3-1I) and of Atg5, a
factor that is essential for the first steps
of autophagosome formation (Fig. 5F).
To directly visualize the autophagic flux,
we transduced CMs with an AAV6 vec-
tor expressing Chrdll and an additional
vector expressing, in tandem, monomeric
red fluorescent protein (mRFP), enhanced
green fluorescent protein (EGFP), and
the LC3 protein, derived from the ptfLC3
plasmid (7). This construct allows dis-
tinction of autophagosomes (both green
and red; yellow) from autolysosomes
(red only) because EGFP fluorescence is
quenched in acidic autolysosomes (Fig.
5G). At 72 hours after AAV6 transduction,
Chrdll induced an evident increase in
autophagic flux (Fig. 5H).

Together, the results of these experi-
ments are consistent with the conclusion
that the cardioprotective effect exerted
by Chrdll is mediated by the prevention
of CM death and correlates with the in-
duction of autophagy. Thus, we wondered
whether the other two top factors select-
ed by our screening, Fam3c¢ and Fam3b,
were also capable of inducing autophagy.
We found that both factors, and particu-
larly Fam3c, increased LC3 translipida-
tion and Atg5 amounts both in vivo at
2 days after MI (fig. S7A) and in isolated
CMs in vitro (fig. S7B). Fam3c was also
particularly effective at inducing the for-
mation of LC3-positive autophagosomal
vesicles in CMs (fig. §7C) and stimulat-
ing autophagic flux (fig. S7D). Both Fam3c
and Fam3b also protected CMs against
apoptosis at 2 days after MI in vivo (fig. S7E).
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Fig. 5. Functional correlates of Chrdl1 cardioprotective activity. (A) Measurement of CM cross-sectional area after wheat germ agglutinin (WGA) staining of heart
sections in infarcted mice injected with AAV9-Control or AAV9-Chrdl1. Sham animals were used as controls. At least 10 high-power fields per area from a minimum three
slides per heart were analyzed to obtain the average regional cross-sectional area and regional myocyte nuclear density. The mean of values is shown. **£< 0.01 versus
control; one-way ANOVA with Bonferroni post hoc correction. (B) Capillary and arteriole density in infarcted hearts treated with the indicated vectors. The images on the
left show immunofluorescence of isolectin or WGA and o-SMA. Data in the bar graphs on the right are means + SEM; 7= 10 high-power fields per area from a minimum
three slides per heart. Scale bar, 100 uM. (C) TUNEL™ nuclei in the peri-infarct region (representative images and quantification). Inmediately after MI, animals were trans-
duced with AAV9 vectors expressing the indicated factors; TUNEL analysis was performed 2 days after Ml and treatment. Data are means + SEM (7= 8); **P< 0.01 versus
AAV6-Control; one-way ANOVA with Bonferroni post hoc correction; the entire dataset also includes data in fig. S5E. Scale bar, 100 uM. (D) LC3 lipidation in the LVs of
hearts transduced with the indicated AAV9 vectors at 2 days after Ml (representative Western blotting images and densitometric analysis; the complete immunoblot and
dataset are shown in fig S7A). Data are means = SEM (7 =8); *£< 0.05 and **P< 0.01 versus AAV6-Control; one-way ANOVA with Bonferroni post hoc correction. (E) Left:
Representative images of rat a-actinin® CMs (red) showing induction of LC3™ vesicles (green) in response to AAV6-Chrdl1. Right: Quantification of CM-LC3™ vesicles ex-
pressed as fluorescence intensity. Data are means + SEM (7= 3 biological replicates). *#< 0.05 versus AAV6-Control; one-way ANOVA with Bonferroni post hoc correction.
Scale bar, 10 uM. (F) LC3 lipidation (conversion from LC3-I to LC3-11) and amount of Atg5 in rat CMs treated with the indicated vectors after serum starvation (0.1% FBS) for
12 hours. Representative Western blot (left) and quantification (right); the complete immunoblot and dataset are shown in fig. S7B. Data are means + SEM; n=8; *£< 0.05
and **£<0.01 versus AAV6-Control; one-way ANOVA with Bonferroni post hoc correction. (G) Schematic of the AAV6-LC3-GFP-RFP reporter vector. Autophagosome and
autolysosome are shown as yellow and red dots, respectively. (H) Autophagic flux in primary rat CMs (representative images and quantification). Cells were cotransduced
with AAV6-mRFP-EGFP-LC3 and an AAV6 expressing Chrdl1, Fam3c, or Fam3B. Autophagosomes appear yellow in the merged image, and autolysosomes appear red.
Cells were kept in basal and starvation conditions. Data are means + SEM; 7= 3 biological replicates; at least 30 cells were quantified; **£<0.01 versus AAV6-Control; two-
way ANOVA with Bonferroni post hoc correction. Data from Fam3c and Fam3b that were included in the statistical analysis are in fig. S5D. Scale bar, 10 uM

These findings reinforce the conclusion that the induction of auto-
phagy is a major protective mechanism in the infarcted heart.

Mouse Chrdll, Fam3c, and Fam3b share 85.1, 92.9, and 65.5%
amino acid identity, respectively, with their respective human ho-
mologous proteins. Thus, we wondered whether the biological ef-
fects of the three factors were also exerted by the respective human
proteins. We found that all three human recombinant proteins en-
hanced LC3 translipidation in both rat (fig. S8, A and B) and mouse
(fig. S8, C and D) CMs, as well as autophagic flux in rat CMs treated
with chloroquine (fig. S8, E and F). The human recombinant pro-
teins were also effective at inducing autophagic flux in human in-
duced pluripotent stem (iPS) cell-derived human CMs (fig. S8, G
and H). This maintained cross-species activity has obvious interest
for clinical translation.

BMP4 inhibits autophagy and is inactivated by Chrdl1

Next, we wanted to understand the molecular mechanisms by which
Chdrll exerted its function. The members of the Chordin family
are known to bind extracellular BMPs and prevent their receptor
interaction (/3). Consistent with this information, we found that activation

of the BMP pathway by BMP4 (as determined by phosphorylation
of the SMAD1/5/8 signal transduction proteins) was inhibited by AAV6-
Chrdll in a dose-dependent manner (Fig. 6, A and B). More than 90%
of cells treated with BMP4 (10 ng/ml) showed nuclear localization of
SMAD1/5/8, whereas this percentage was reduced to 55% in cells ex-
pressing Chrdll (fig. 9, A and B). These experiments revealed the
previously unappreciated effect of BMP4 in depressing basal autophagy,
resulting in lower amounts of translipidated LC3-II and Atg5 in CMs
treated with this factor (Fig. 6, C and D). In contrast, autophagy was
increased in CMs transduced with AAV6-Chrdl1, which blunted the
negative BMP4 effect. The effect of Chrdll was comparable to that of
dorsomorphin, an inhibitor of BMP type I receptors (45). Consistent
with these findings, both the number of endogenous LC3-positive
vesicles (Fig. 6E) and autophagic flux (Fig. 6, F and G) were reduced
by BMP4 and rescued by Chrdll in primary CMs.

Chrdl1 inhibits TGF-p1-induced cardiac fibrosis

and myofibroblast transdifferentiation

In addition to CM protection and consequent maintenance of car-
diac muscle mass, we also noticed that the infarcted hearts treated
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Fig. 6. Chrdl1 reduces BMP4-induced SMAD1/5/8 activation in CMs. (A and B) Representative Western blotting and densitometric analysis showing SMAD1/5/8 phos-

phorylation in rat CMs stimulated with increasing doses of BMP4 for 30 min after cell

transduction with AAV6-Control or AAV6-Chrdl1, respectively, Data are means + SEM;

=13 biological replicates per condition; *£< 0.05 and **£< 0.01 versus AAV6-Control; ftest. (C and D) LC3 lipidation and Atg5 expression (representative blot and densi-

tometric quantification, respectively) in rat CMs expressing Chrdl1 and treated with

BMP4 or the SMAD inhibitor dorsomorphin (10 uM) 12 hours after treatment. Data are

normalized over [-actin and expressed as fold over untreated. Data are means + SEM; 7= 3 replicates; *P< 0.05 and **£< 0.01 versus AAV6-Control; one-way ANOVA with
Bonferroni post hoc correction. (E) Confocal microscopy images showing LC3-positive vesicles in rat CMs expressing Chrdl1 and treated with BMP4 (10 ng/ml) or dorso-
morphin (10 uM). a-Actinin, red; LC3, green. Scale bar, 10 uM. (F and G) Autophagic flux (representative confocal microscopy images and quantification of vesicles, respec-
tively) in primary rat CMs transduced with AAV6-mRFP-EGFP-LC3 and, 48 hours later, starved and treated for 12 hours with BMP4 (100 ng/ml) or dorsomorphin (10 um).
Early autophagic vesicles (autophagosomes) are yellow, and late vesicles (autolysosomes) are red. Data are means + SEM; =3 replicates; **£< 0.01 versus control; two-
way ANOVA with Bonferroni post hoc correction. At least 30 cells were quantified per group. Scale bar, 10 uM

with Chrdl1 had a smaller volume, which was indicative of blunted
maladaptive remodeling (Fig. 3C), and showed reduced interstitial
fibrosis (Fig. 3G). This was suggestive of an effect of Chrdll extending
beyond its function in CMs. A master factor regulating the myocardial
response to damage is TGF-B, which stimulates transdifferentiation
of cardiac fibroblasts into a-SMA-positive myofibroblasts, followed
by extracellular matrix deposition (49). Given the broad cross-talk
and overlap between the BMP and TGF-P pathways, we wondered
whether Chrdll might also directly affect TGF-B signal transduc-
tion in fibroblasts.

We started by transfecting mouse NIH-3T3 fibroblasts with
pAAV-Chrdll, followed by cell treatment with TGF-B1 for 30 min
2 days after transfection, SMADZ2/3 phosphorylation, an established
readout for TGF-p pathway activation, was notably reduced in
Chrdl1-transfected cells [representative blots and quantification in
Fig. 7 (A and B), respectively]. This was also confirmed by visualiz-
ing SMAD2/3 translocation into the nucleus in response to TGF-B.
Cell treatment with TGF-f (10 ng/ml) determined nuclear localiza-
tion of SMAD2/3 in >90% of the cells, whereas this percentage was
reduced to about 50% when cells had been transfected with pAAV-
Chrdll [representative images and quantification in fig. S10 (A and B),
respectively]. An inhibitory effect of Chrdll on SMAD2/3 nuclear
translocation was also observed in primary cardiac fibroblasts treated
with recombinant Chrdll (fig. S10C). Last, we also monitored activation

of the TGF-B1 pathway using a reporter gene assay. NIH-3T3 fibroblasts
stably expressing luciferase under the control of a synthetic pro-
moter containing 12 basal SMAD3-CAGA binding sites [CAGA-luc
(50); scheme in Fig. 7C] were stimulated by increasing doses of
TGF-P1 after treatment with recombinant Chrdll. Transcription of
the reporter gene, which showed dose-dependent activation in re-
sponse to TGF-B1, was blunted in Chrdll-treated cells at all TGF-p1
doses (Fig. 7D). The TGF-B1 chemical inhibitor SB431542 (57) served
as a positive control for these experiments.

Inhibition of SMAD2/3 phosphorylation and nuclear transloca-
tion, together with impairment of TGF-B1-induced transcription-
al activation, are concordant in indicating that Chrdll acts as a
TGEF-B1 inhibitor. We could detect a physical interaction between
the two proteins by transfecting human embryonic kidney (HEK)
293 cells with a Flag-Chrdl1 expression vector, followed by addition
of 0.2 mg of TGF-PI to the cell supernatant for 1 hour at 4°C. The
immunoprecipitate obtained with anti-Flag magnetic beads also
contained TGF-B1 (Fig. 7E).

Treatment of primary mouse cardiac fibroblasts for three con-
secutive days with increasing doses of TGF-B1 (from 1 to 50 ng/ml;
experimental scheme in Fig. 7F) induced a dose-dependent increase
in collagen I deposition (as assessed using a specific antibody) and
myoblast transdifferentiation (positivity for a-SMA). Treatment with
recombinant Chrdll markedly reduced this effect (Fig. 7, G to I).
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Fig. 7. Chrdl1 reduces TGF-B1-induced SMAD2/3 activation and cardiac fibrosis. (A and B) Representative Western blotting and densitometric analysis showing
SMAD2/3 phosphorylation in NIH-3T3 fibroblasts stimulated with increasing doses of TGF-B1 for 30 min after control or pChrdl1 transfection, respectively. Data are
means + SEM; n=3 biological replicates per condition; *£< 0.05 and **£< 0.01 versus control; #test. (C) CAGA luciferase assay in NIH-3T3 cells stably expressing a luciferase
reporter under the control of the SMAD-CAGA responsive element. (D) Results of CAGA luciferase assay after stimulation with increasing doses of TGF-f31 in association
with ChrdI1 or the TGF-B1 inhibitor SB431542 (1 uM). Data are means + SEM; 7= 13 biological replicates per condition; *£<0.05 and **£< 0.01 versus control; one-way
ANOVA with Bonferroni post hoc correction. (E) Immunoprecipitation of Flag-Chrd|1 with TGF-B1. Recombinant TGF-B1 was added to the supernatant of HEK293T cells
expressing Flag-Chrdl1 for 1 hour, followed by immunoprecipitation (IP) with anti-Flag beads. (F) Outline of the experiment aimed at assessing conversion of primary
cardiac fibroblasts into myofibroblast by TGF-B1 stimulation. (G to I) Effect of recombinant Chrdl1 on TGF-B1-induced myofibroblast conversion (representative immuno-
fluorescence and quantification of a-SMA and collagen mean fluorescence intensity, respectively). a-SMA, red; collagen |, green; nuclei, blue, Data are means + SEM; n=3
biological replicates per dose; *£<0.05 and **£<0.01 versus control; ¢ test. (J) Outline of the invivo experiments in Cola1(l)-EGFP mice. Animals were injected with
AAV9-Control or AAV9-Chrdl1 and were euthanized 10 days after M. (K) Heart weight/tibia length ratio of Cola1(I)-EGFP mice 10 days after MI (7= 8). Data are means + SEM;
*P<0.05 versus control; ftest. Scale bar, 50 uM. (L) Expression of the indicated factors after intracardiac injection of AAV9-Control or AAV9-ChrdI1 in infarcted mice (n=4).
The amounts in sham animals (no Ml; 7=4) are shown for reference. Data are means + SEM; */< 0.05 and **#< 0.01 versus control; ftest. (M to O) Effect of ChrdI1 after MI
in Cola1(1)-EGFP mice [representative images of heart sections and quantification of a-SMA and Cola1(l) cell mean fluorescence intensity, respectively]. a-SMA, red; EGFP
[Cola1(N)] cells, green; nuclei, blue. Data are means + SEM; 7= 4; *P< 0.05 versus control; ftest. Scale bar, T mm.



Similar results were obtained using NIH3T3 fibroblasts transfected
with Chrdll (fig. S10D).

Last, we investigated the effect of Chrdll on the fibrotic response
in vivo after MI. We took advantage of type I collagen a1 [Colal(T)]-
EGFP mice, a transgenic mouse line in which EGFP is expressed in
fibroblasts under the control of the Cola1(I) promoter/enhancers
(42). Mice were treated by intramyocardial injection of AAV9-Chrdll
or AAV9-Control after MI (experimental scheme in Fig. 7]). Ten days
after treatment, the Chrdll-transduced hearts were not dilated,
and their weight was smaller than that of the control animals (Fig. 7K).
The expression of Colal(l), a-SMA, TGF-B1, MMP9 (matrix
metalloproteinase 9), and IL-10, all markers of fibrotic deposition
and myofibroblast transition, were reduced (Fig. 7L), whereas
the MI scars were smaller and more compact, showing attenu-
ated fibrosis and reduced collagen I and a-SMA expression
(Fig. 7, M to O).

Together, these results confirm that Chrdll, in addition to its
proautophagic and prosurvival function in CMs, also acts on cardiac
fibroblasts after MI by binding and inhibiting TGF-B1. This inter-
action results in attenuated fibrotic response and decreased patho-
logical remodeling.

DISCUSSION

In genetic research, several ground-breaking findings have resulted
not from candidate gene studies but through unbiased functional
screening or selection of genetic libraries in cultured cells. For ex-
ample, the discovery of oncogenes in the 1980s (53), CXCR-4 as an
HIV-1 coreceptor in the 1990s (54), and iPS-inducing factors in the
2000s (55) all derive from cell-based, functional studies. However,
although these in vitro functional approaches generate essential bio-
logical information, often with important upshots on drug discovery,
they cannot predict the in vivo relevance of the selected molecules.
The possibility of screening nucleic acid libraries for a given func-
tion directly in vivo thus offers a unique opportunity to identify novel
therapeutic factors, in the absence of any a priori, possibly biased,
information on their actual mechanism of action.

The efficient delivery of arrayed genetic libraries in vivo for
functional selection, especially in postmitotic tissues, remains a major
problem. Transduction of nonreplicating cells in vivo, persistence
of transgene expression for indefinite periods of time, and lack of
relevant inflammatory or immune response (56) render AAV vec-
tors excellent tools for this purpose. We observed that the adminis-
tration of these vectors after MI results in transgene expression as
early as 2 hours after injection to reach a plateau after 12 hours. This
kinetics, which is accelerated by tissue damage compared to that
observed in uninjured muscle (57, 58), appears to be suitable for the
selection of cardioprotective factors acting rapidly after MI. In terms
of multiplicity of infection, the efficiency of FunSel in selecting
functionally protective factors is favored by performing transduction
with a relatively low number of vectors per cell. In any case, should
a beneficial factor be mixed with other neutral factors in the same
cell, still, the cell would become selected and the beneficial factor
would be enriched over the others, because the neutral factors
would be different in each transduced cell (/4).

FunSel is unbiased, because it is agnostic with regard to factors
and their mechanisms of action; competitive, because it is based on
an in vivo competition between beneficial, neutral, and detrimental
factors; iterative, because vectors can be selected by progressive

rounds; and comparative, because it permits ranking of the selected
molecules for efficacy. The identified factors act at the single-cell
level by conferring individual cell protection, which can be achieved
directly or indirectly, for example, by inducing intrinsic cell survival
mechanisms directly or modulating the cell environment (e.g., in-
flammation or angiogenesis). Our original proof-of-concept FunSel
study (/74) was performed in the skeletal muscle, with a limited number
of vectors and with iterative rounds of selection in which progres-
sive factor enrichment was analyzed by resolving PCR products by
electrophoresis. Instead, this cardiac version of FunSel here is based
on a novel, large cDNA library from the mouse secretome, in which
all the vectors are barcoded. This allows detection of the selected
factors after a single round of screening by NGS. In this format,
FunSel can be easily applied to the selection of protective factors in
any other organ in which a relevant animal model for tissue degen-
eration is available and in which cells can be transduced by AAV
vectors. FunSel is based on the relative number of sequencing reads
of the AAV vectors that persist in the transduced tissue after damage.
As these vectors do not integrate into the cellular genome nor repli-
cate autonomously, FunSel does not screen for factors that induce
cardiac regeneration based on endogenous CM proliferation. Another
limitation is that some of the factors that exert a protective role
might be overlooked in the screening, for example, because of their
random inclusion in pools with other factors with stronger activity.

Among the top 10 genes that emerged from the screening, there
were Mdk (59, 60) and pleiotrophin (67), two proteins that were
previously described as protective for the myocardium. To the best
of our knowledge, a cardioprotective role has not yet been reported
for the top five hits in our screening (Chrdll, Fam3c, Fam3b, Htral,
and NV/i/rc3). The overexpression of each of these five factors signifi-
cantly preserved cardiac function and morphology and prevented
pathological remodeling.

Chrdll is a BMP4 antagonist reported to act in the developing
embryo (73) but having no recognized role itself in cardiac biology.
BMP4, instead, is essential for atrioventricular septation and heart
development, whereas its expression in the adult heart is known to
be detrimental, leading to CM apoptosis, hypertrophy, and fibrosis
(62). This information is consistent with the results of our experi-
ments, which show that Chrdl1 directly binds BMP4, prevents
SMAD1/5/8 activation, and protects CMs.

Fam3c and Fam3b are two members of the Fam3 (63, 64). Fam3b,
also known as PANcreatic DERived factor (PANDER), is highly ex-
pressed in the pancreas, where it participates in regulation of glucose
homeostasis and j§ cell function (22, 65, 66). Fam3c, also known as
IL-like epithelial-to-mesenchymal (EMT) transition inducer, is in-
stead expressed ubiquitously and known to modulate inner ear cell
proliferation (23), osteogenic differentiation (67), and EMT (68).
Restoration of Fam3c expression in the liver of obese diabetic mice
improves insulin resistance and reduces fatty liver degeneration (69).

Our experiments disclose that the induction of CM autophagy is
a common mechanism of action for Chrdll, Fam3c, and Fam3b in
the heart and reinforce the notion that autophagy exerts a protective
role after MI and other forms of cardiac damage (). In postmitotic
myocytes, autophagy maintains cardiac energy homeostasis and
preserves cell vitality and function, thus preventing HF (77, 72). In
the acute phase after MI, this process is crucial to prevent ischemia/
reperfusion-induced cell death (73). Chrdll, Fam3c, and Fam3b are
among the first cytokines found to pharmacologically stimulate this
protective process.
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Other BMP inhibitors present in our AAV library in addition to
Chrdll, including Chrdl2, Gremlinl and Gremlin2, and Cerberus,
scored markedly less effective or not effective at all at cardioprotec-
tion in our screening. This suggests that the cardioprotective effect
of Chrdll could be exerted through additional mechanisms besides
BMP4 inhibition. We found that extracellular Chrdl1 also acted on
cardiac fibroblasts by blocking TGF-B1, a major inducer of fibrosis
through the induction of fibroblast migration and their differentia-
tion into myofibroblasts (74, 75). Multiple lines of evidence indicate
that the persistent activation of myofibroblasts leads to detrimental
fibrosis in several organs, including the heart. Thus, an attenuated
fibrotic response ensuing from reduced myofibroblast generation might
well explain the decreased pathological remodeling we observed in
our Chrdl1-treated hearts. Htral, another of the top five factors selected
by cardiac FunSel, is also a serine protease (76) that was reported to
inhibit neuronal TGF-f and promote neuron survival (7). Together,
these findings underline the potential of FunSel to select for tissue-
protective factors that act in vivo through pleiotropic mechanisms
and on different cell types, a condition that would be hardly repro-
ducible in in vitro screening assays.

Functional selection of genes expressing secreted molecules offers
important translational perspectives, as the identified factors could
be administered as recombinant proteins, which can be properly dosed.
Our observation that Chrdl1l, Fam3c, and Fam3b maintain their cardio-
protective activity when expressed from the liver provides a relevant
proof of principle in this respect. On the basis of these results, we
envisage the possible systemic administration of the cardioprotective
protein immediately after MI and in anticipation of revasculariza-
tion, with the intent to spare the myocardium from death due to,
first, ischemia and, later, reperfusion. Further extensive experimen-
tation will be required to first generate effective recombinant variants
of these proteins and then assess their pharmacological profiles, dose,
and route of administration in suitable small- and large-animal
models to eventually move to efficacy studies.

MATERIALS AND METHODS

Study design

The primary objective of the study was to develop a method for the
in vivo selection of factors exerting a protective function and to apply
this method to the heart in mice with MI, based on the assumption
that CMs expressing a beneficial factor would preferentially survive
acute ischemia. Factors were selected from a barcoded library of AAV
vectors that included 1198 cDNAs, each encoding for a different
secreted factor. After selection induced by coronary artery ligation,
the effect exerted by each factor was scored by counting the number
of sequence reads of its barcode (positive factors have an increased
number of reads). The best-performing factors were then verified
by individual administration to the heart, in the form of AAV vectors,
after MI. For these experiments, animals were randomly assigned to
treatment or control groups. Animals showing a sign of distress or
pain after surgery were euthanized. All the other animals, including
outliers, were included in the analysis. Animal group size was determined
according to prior power calculations. All mouse phenotyping was
performed blinded. Library screening and mouse experiments were
performed once. The secondary objective of the study was to study
the mechanisms of action of the identified top factors. This involved
experiments in primary neonatal mouse and rat CMs and human CMs
from iPS cells. For immunofluorescence and molecular studies, sample

size was estimated on the basis of known variability of the assays
used. Sample sizes, replicates, and statistical methods are specified
in the figure legends and the “Statistical analysis” section.

Statistical analysis

All data related to the individual characterization of candidate genes
are expressed as mean of biological replicates + SEM. Statistical analy-
sis was performed using Prism software (GraphPad 9.0). 2< 0.05 or
lower was considered statistically significant. Pairwise comparison
between groups was performed using the Student’s # test. One-way
analysis of variance (ANOV A) and Tukey’s post hoc tests were used
to compare multiple groups. Analysis of morphological and func-
tional measurements at different time points among groups was
performed using two-way ANOV A for repeated measurements, fol-
lowed by pairwise post hoc analysis. Individual subject-level data
are provided in data file S1.
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