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Adenosine deaminase and deoxyadenosine regulate
intracellular immune response in C. elegans
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SUMMARY

Adenosine deaminase (ADA) and purine nucleoside phosphorylase (PNP) are enzymes in the purine salvage
pathway, which recycles purines to meet cellular demands. Mutations of these enzymes in humans cause in-
flammatory and immunodeficiency syndromes, but the mechanisms are not well understood. Prior work in
the nematode Caenorhabditis elegans demonstrated that loss of PNP ortholog PNP-1 induced an immune
response called the intracellular pathogen response (IPR). Here, we show that loss of the enzyme upstream
of PNP-1 called ADAH-1 (ADA homolog) also induces the IPR and promotes resistance against intracellular
pathogens. Unlike PNP-1, ADAH-1 is essential for organismal development. Importantly, we find that supple-
mentation of deoxyadenosine, a substrate for ADA, induces the IPR and promotes resistance to intracellular
pathogens in C. elegans, a finding we extend to human cells. Thus, mutations in ADA and PNP induce innate
immunity through increased deoxyadenosine, a phenomenon that is conserved from C. elegans to humans.

INTRODUCTION

Nucleotides are essential to all life, and thus hosts and patho-
gens often battle over nucleotide availability during pathogen
infection. This battle is particularly important for obligate intracel-
lular pathogens like Microsporidia, which comprise an early
branching phylum in the fungal kingdom. '~ Notably, microspor-
idia lack nucleotide biosynthesis pathways and instead use ATP
transporters to “steal” host nucleotides while they replicate in-
side host cytoplasm.*® Similarly, viruses often lack their own
nucleotide biosynthetic machinery and thus also rely on host nu-
cleotides in order to synthesize their nucleic acid genomes and
transcribe their genes.

To combat viral infection, several host defense pathways
deplete the pool of nucleotides. For example, in humans,
SAM-domain- and HD-domain-containing protein 1 (SAMHD1)
is a nucleotidase that degrades deoxynucleotides needed by hu-
man immunodeficiency virus (HIV) for reverse transcription of its
genome.” Similarly, a recently identified class of ATP nucleo-
tidase effectors conserved between bacteria and eukaryotes
cleaves cellular ATP and dATP, which depletes nucleotides
and restricts viral replication.®

Given the central role of nucleotides and nucleic acids for both
hosts and pathogens across organisms, it is perhaps not surpris-
ing that they are key regulators of immune responses. When
certain types of nucleic acid are found in the eukaryotic cytosol,

they serve as triggers of immune responses. For example, viral
nucleic acids like double-stranded RNA (dsRNA) or double-
stranded DNA (dsDNA) are recognized as “non-self” molecules
in the cytosol. Viral dsRNA and dsDNA can be detected by im-
mune sensors like RIG-I-like receptors and STING/cGAS,
respectively, leading to induction of the type-I interferon (IFN-I)
response, which is a core anti-viral defense pathway.® IFN-I
genes encode secreted ligands that bind to cell-surface IFN re-
ceptors that upregulate IFN-stimulated genes (ISGs), including
SAMHD1, to coordinate systemic innate immune responses
and clear viral infection.

Although IFN and IFN receptors appear to be vertebrate-spe-
cific, recent work in the nematode Caenorhabditis elegans has
uncovered an immune response pathway in this host that is acti-
vated in similar ways to activation of the IFN-I response. ' This
immune response is called the intracellular pathogen response
(IPR), and it involves a set of genes induced in common by nat-
ural intracellular pathogens of the C. elegans intestine such as
the Orsay virus and intracellular fungi called microsporidia.
C. elegans mutants with constitutive IPR expression have
increased resistance to both virus and microsporidia infec-
tion.""'? Similar to RIG-I-like receptors activating IFN-I in
response to viral infection in mammals, the RIG-I-like receptor
DRH-1 activates the IPR in response to viral infection in
C. elegans, although the transcription factors used in the IPR
and IFN-I response are different.’® Interestingly, the IPR can be
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activated in a systemic manner, which is also a hallmark of the
IFN-I response.™

Perturbations in purine salvage metabolism are a recently iden-
tified trigger common between the IFN-I response and the IPR.
Purine salvage enzymes like adenosine deaminase (ADA) act in
a pathway conserved from bacteria to humans that is used for re-
cycling purine nucleotides and is more energy efficient than de
novo synthesis of new purines.’® Of note, this ADA is an enzyme
in the salvage pathway acting on free purines and is distinct
from adenosine deaminase acting on RNA (ADAR), an enzyme
that acts on nucleic acid and is metazoan-specific, with a separate
role in innate immunity.'® Recently it was shown in endothelial cell
culture that small interfering RNA (siRNA) against the human pu-
rine salvage enzyme ADA2, which converts the purines adenosine
and deoxyadenosine into inosine and deoxyinosine, causes upre-
gulation of IFN-I responses through the accumulation of deoxya-
denosine."” The in vivo relevance of these cell culture findings and
theirimpact on resistance to infection are unclear, and the findings
still need to be replicated with ADA2 mutant analysis. Nonethe-
less, they suggest a possible reason why mutations in human
ADA2 cause inflammatory syndromes such as interferonopathies:
these mutations may trigger transcription of IFN-I ligands and
overexuberant downstream signaling.'® Notably, increased IFN-I
and inflammatory syndromes are also seen in humans with muta-
tions in purine nucleoside phosphorylase (PNP). On the other
hand, there are also examples of PNP mutations, as well as muta-
tions in the other human ADA, ADA1, causing immunodefi-
ciency.'®?" Thus, mutations in multiple purine salvage enzymes
cause complex immune system dysregulation, with much to learn
about the underlying mechanisms.

In our prior work in the nematode C. elegans, we performed an
unbiased forward genetic screen to discover negative regulators
of the IPR and found the purine salvage enzyme PNP-1 is a nega-
tive regulator of the IPR.?” We demonstrated that loss of pnp-7 in-
duces IPR gene expression and increases resistance to virus and
microsporidia infection. Furthermore, we localized these effects
in vivo to intestinal epithelial cells, which are key players in
C. elegans immunity, as these animals appear to lack professional
immune cells like macrophages. These findings with pnp-1 sug-
gested that perturbations in purine metabolites activated the
IPR, but it was not clear which other purine salvage enzymes might
be involved in this effect, nor was it clear which, if any, purine
metabolites may be dysregulated in these mutants to induce an
immune response in C. elegans.

Here, we find that a previously uncharacterized C. elegans
gene, C06G3.5, encodes an ADA. As such, we named it ADA ho-
molog adah-1, and we find it to be a negative regulator of the IPR.
Loss of adah-1, either by RNAi or by CRISPR-mediated deletion,
leads to upregulated IPR gene expression and increased resis-
tance to virus and microsporidia infection. In contrast to pnp-1,
we find that adah-1 is an essential gene, as adah-1 mutants ar-
rest as young larvae. We also find that adah-1 appears to be ex-
pressed in multiple tissues and acts in the intestine to regulate
IPR gene expression and resistance to infection. Through testing
different purine metabolites regulated by pnp-1 and adah-1 ac-
tivity, we find that deoxyadenosine, a substrate for ADA, induces
the IPR and increases resistance to intracellular infection. We
also extend these findings about resistance against infection to
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human endothelial cells. Altogether, our findings indicate that
loss of purine salvage enzymes, PNP or ADA, leads to a build-
up of the purine metabolite deoxyadenosine, which then
activates immune gene expression and pathogen resistance in
the C. elegans intestine.

RESULTS

The adenosine deaminase ADAH-1 is a negative
regulator of pals-5p::GFP expression and is essential for
larval development

Building on our prior results indicating that the purine salvage
enzyme PNP-1 is a negative regulator of the IPR,? we performed
RNAIi knockdown of eight genes predicted to encode other en-
zymes in the purine salvage pathway to identify which ones
might also regulate the IPR (Figures S1A and S1B). We used
the pals-5p::GFP reporter as a readout for induction of the IPR
(pals-5 is one of the most highly induced IPR genes)?® and found
that RNAi against a previously uncharacterized gene called
C06G3.5 induced pals-5::GFP expression, similar to pnp-1
RNAi (Figures 1A-1C). We named C06G3.5 ADA homolog
adah-1, based on its sequence homology with ADAs in other
organisms (Figure S1C). ADAH-1 is predicted to be the enzyme
acting upstream of PNP-1 in the purine salvage pathway
(Figure S1A). Because induction of pals-5p::GFP by other IPR
triggers like pnp-1 mutations requires the bZIP transcription
factor ZIP-1,>* we investigated whether the induction of pals-
5p::GFP by adah-1 RNAi was dependent on ZIP-1. Indeed, we
found that pals-5p::GFP was no longer induced by adah-1
RNAI in zip-1 mutants (Figure S2A). Therefore, ZIP-1 is required
forinduction of the pals-5p::GFP reporter through loss of adah-1,
similar to induction by loss of pnp-1.

In order to confirm that loss of adah-1 induces pals-5p::GFP
expression, we used CRISPR/Cas9 to generate a full deletion
of the adah-1 gene in a pals-5p::GFP background, creating the
null allele adah-1(jy125), which we abbreviate with a “-”. Here,
we found that adah-1(—/—) homozygous mutants arrest during
larval development between the first and third larval stage (L1
to L3) (Figures S2B and S2C). Despite arresting during develop-
ment, adah-1(—/—) homozygous mutants showed clear upregu-
lation of pals-5p::GFP reporter expression (Figures S2B and
S2C). We genotyped and scored the progeny from adah-1(+/—)
heterozygous animals to more carefully correlate adah-1 mutant
genotypes with pals-5p::GFP expression phenotypes and inves-
tigate whether this deletion allele was fully recessive. Here, we
found that all progeny with pals-5p::GFP expression were
adah-1(—/—) mutant homozygotes, whereas all the animals
without pals-5p::GFP expression were either adah-1(+/—) het-
erozygotes or adah-1(+/+) wild type (Figure S2D). Therefore,
deletion of adah-1 is fully recessive for the phenotype of consti-
tutive pals-5p::GFP expression. Because of the developmental
arrest caused by the deletion of adah-71, we generated an
adah-1(+/—) heterozygous strain using the nT1/qls51] balancer
chromosomal translocation, so the strain could be maintained.
Consistent with results described earlier, we found pals-
5p::GFP induction only in adah-1(—/—) mutant homozygotes
but not in adah-1(+/—) heterozygotes or adah-1(+/+) wild-type
animals (Figures 1D-1F). Therefore, deletion of adah-1 appears
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Figure 1. adah-1 regulates pals-5p::GFP
expression and is required for larval devel-
opment

(A-H, J) Animals containing jyls8/pals-5p::gfp,
myo-2p::mCherry]; pals-5p::GFP is a reporter for
the IPR, and myo-2p::mCherry is a marker
constitutively expressed in the pharynx, indicating
the presence of the jyls8 transgene. Scale bars,
100 um.

(A) Animals treated with L4440 (empty vector
control for RNAI), (B) pnp-1 RNAI, or (C) adah-1
RNAI. pals-5p::GFP is induced in the intestine af-
ter pnp-1 or adah-1 RNAi compared to L4440
control.

(D-F) Representative images of three genotypes
of progeny from the balanced adah-1(jy125)/nT1
strain. The nT1 balancer chromosome contains a
wild-type adah-1(+) allele, and for simplicity, only
the adah-1 genotype is noted in the figure panels
with adah-1(jy125) noted as “-”. (D) adah-1(—/-)
homozygous mutants can be identified because
they lack pharyngeal GFP (arrow) expressed from
the nT1[qls51] balancer chromosome, which
contains a myo-2p::GFP pharyngeal marker. They
have constitutively expressed pals-5p::GFP
expression in the intestine (arrowhead) and arrest
as early larvae. (E) adah-1(+/—) heterozygotes are
also heterozygous for nT1(g/s51) and thus have

ns ns ns

| K T 1T 1T 1 pharyngeal GFP (arrow); they develop into adults
] . %k %k %k %k %k %k %k ¥ k% ¥k ¥k mwWT and do not exhibit induced pals-5p::GFP expres-
£ 500~ sokokok S [ ] daho1(/ sion. (F)nT1/nT1 homozygotes are adah-1(+/+), as
§ o ns ln—s| ,n_sl mm adah-1(+/) indicated by pharyngeal GFP expression (arrow)
5 400 % 100 B adah-1(-/-) and the lack of viable embryos at the adult stage,
2 < i which distinguishes nT1/nT1 from nT1/+ hetero-
s 300+ ; -adah-1(-/-) ’ zygotes. These animals do not exhibit induced
g 200 .E % adah-1°¢ pals-5p::GFP expression.
E: S (G) adah-1(—/—) mutants containing multi-copy
0 1004 [ extrachromosomal array jyEx316 [adah-1p::adah-
lg'. g 1::mScarlet::3xHA;  gcy-8p::GFP] overexpress
s 04 [ | 5 0 adah-1 and thus are labeled adah-1(—/-);
8  adah-1(-/-) adah-1(-/); & 48h 64h 72h adah-1°%, These adah-1 transgene-containing

adah-10E -

animals (distinguished by co-injection marker

gcy-8p::GFP neuronal expression) have lower pals-5p::GFP expression compared to (H) their non-transgenic adah-1(—/—) siblings, which lack gcy-8p::GFP
expression and have higher pals-5p::GFP expression.

() Quantification of pals-5p::GFP expression in adah-1(—/—); adah-1°F animals shown in (G) and adah-1(—/—) mutants shown in (D). Mean pals-5p::GFP fluo-
rescence was measured in L1 animals, as adah-1(—/—) mutants arrest soon afterward. Three independent experimental replicates were performed, with at least
50 animals per sample. A Mann-Whitney test was used to calculate p values; ****p < 0.0001. adah-1(—/—)°F n = 152, adah-1(—/—) n = 160.

(J) The presence of the adah-1 transgene is indicated by gcy-8p::GFP expression (arrow) and enables adah-1(—/—) mutants to develop into adults that do not have
pals-5p::GFP expression.

(K) Fractions of animals reaching the L4 or adult stage at 48, 64, and 72 h after eggs were laid. WT, adah-1(—/—) and adah-1(+/—) animals of the balanced adah-
1(y125)/nT1 strain, and adah-1(—/—);jyEx316[adah- 1p::adah-1::mScarlet::3xHA; gcy-8p::GFP] expressing worms (adah-1°F). All strains had jy/s8 in the back-
ground. Results are averages of three independent experimental replicates, with 100 animals scored in each replicate at each time point. A two-way ANOVA test

was used to calculate p values; ****p < 0.0001, ns = not significant. Error bars indicate standard deviations (SD).

to cause the fully recessive phenotypes of larval lethality and up-
regulation of pals-5p::GFP expression.

We next sought to rescue the phenotypes of adah-1(—/—) null
mutants by introducing an extrachromosomal transgene that
contains the adah-1 upstream promoter region fused to the
adah-1a cDNA, tagged with mScarlet (adah-1p::adah-1::mScar-
let). To determine whether this transgene rescues pals-5p::GFP
expression in adah-1(—/—) mutants to wild-type levels, we
compared expression levels in mutants with or without the trans-
gene at the L1/L2 stage, because adah-1(—/—) mutants arrest
around this stage. Here, we found significantly reduced pals-

5p::GFP expression levels in adah-1(—/—) mutants carrying the
adah-1 transgene (adah-1(—/—); adah-1°F) compared to adah-
1(—/—) mutants without the transgene (Figures 1G-1l).
Furthermore, we found that this adah-1 transgene rescued the
developmental phenotype of adah-1 mutants, as we found that
adah-1(—/—); adah-1°F animals were able to develop into

adults (Figure 1J). Specifically, we found that, in contrast to
adah-1(—/—) mutants, which arrest before reaching the L4 stage,
adah-1(—/—); adah-1°F animals developed normally, compara-

ble to the wild-type control (Figure 1K). Altogether, these
results confirm that animals defective in adah-1 have increased
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pals-5p::GFP reporter levels. Furthermore, they demonstrate
that adah-1 is essential for larval development. Because of these
developmental defects of adah-1(—/—) mutants, we used adah-1
RNAI going forward to define the role of adah-1 in IPR regulation
and immunity.

We next investigated pals-5p::GFP expression in animals
defective for both adah-1 and pnp-1, which canonically act in
an upstream/downstream relationship in the purine salvage
pathway, a relationship we confirm in C. elegans with metabolo-
mics studies described below. First, we show that adah-7 and
pnp-1 RNAI cause similar increases in pals-5p::GFP expression
and that pnp-7 RNAI has less of an impact than a pnp-7 muta-
tion, consistent with RNAI only causing a partial loss-of-function
phenotype (Figure S2E). Next, we performed adah-1 RNAI in
pnp-1 mutants. Here, we find that adah-7 RNAIi only causes
about 1.5-fold increase in pals-5p.::GFP expression in pnp-1 mu-
tants, compared to about 2.5-fold increase in pals-5p::GFP
expression in wild-type animals (Figure S2E). These findings
suggest that adah-7 may have a greater role in IPR regulation
than pnp-1. Indeed, adah-1 has a greater role in development
compared to pnp-1, as described above. Altogether, these find-
ings are consistent with both pnp-7 and adah-1 being negative
regulators of IPR gene expression, acting in an upstream/down-
stream relationship.

Transcriptomic analysis demonstrates that adah-1
knockdown induces IPR gene expression

Given that the studies above relied on the pals-5p::GFP reporter
to monitor IPR induction, we next investigated endogenous IPR
expression after knockdown of adah-1 to determine whether this
treatment causes similar effects as the loss of pnp-17, which we
previously demonstrated causes increased IPR gene expres-
sion.”” First, we used RT-gPCR to compare gene expression in
animals treated with pnp-7 RNAi or adah-1 RNAI, relative to
the L4440 negative control RNAI. Here, we saw significant reduc-
tion of both pnp-1 and adah-7 mRNA, respectively, confirming
gene knockdown (Figure 2A). Furthermore, we found that both
RNAI treatments led to significant induction of pals-5 and other
IPR genes (Figure 2A). These findings with pnp-1 RNAI are similar
to our previous studies with pnp-71 mutants and indicate that
adah-1 RNAIi has a similar impact as pnp-1 RNAI in terms of
inducing mRNA expression of this subset of IPR genes.

We next performed RNAseq to measure transcriptome-wide
changes caused by RNAI against adah-1. Here, we performed
RNAseq on animals treated with adah-7 RNAI, pnp-1 RNAI, or
the empty vector control L4440. Differential gene expression
analysis revealed that 51 genes (p < 0.05, no fold-change
cutoff) were significantly upregulated in adah-1(RNAi)-treated
animals compared to the empty vector control, whereas 20
genes were upregulated upon pnp-1 RNAi compared to the con-
trol (Table S2). We then compared these gene sets to the 80
canonical IPR genes (defined as genes upregulated both by mi-
crosporidia Nematocida parisii and in mutants for pals-22,
another negative regulator of the IPR)."" Here, we found that
34 of 51 upregulated genes in adah-1 RNAi-treated animals
and 16 of 20 upregulated genes in pnp-1 RNAi-treated animals
overlap with IPR genes (Figure 2B, Table S2). In addition, we
compared the genes upregulated upon pnp-1 or adah-1 RNAI
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treatment with the genes upregulated in pnp-17(jy90) mutants
and found that all the genes upregulated in the adah-1 and
pnp-1 RNAI treated worms are also upregulated in pnp-1(jy90)
mutants (Figure 2C, Table S2).? Furthermore, we compared
the genes upregulated by adah-1 and pnp-1 RNAi to genes
upregulated in pals-22(jy3) mutants and found significant
overlap (Figure 2D, Table S2). Of note, we identified fewer genes
upregulated with pnp-7 RNAi than in the pnp-1 mutant (Fig-
ure 2C), likely due to RNAI having less impact on gene function
compared to a mutation. Nonetheless, these findings indicate
that the loss of either adah-1 or pnp-1 leads to the upregulation
of a similar set of enriched-for IPR genes, suggesting that adah-1
acts similarly to pnp-1 as a negative regulator of IPR gene
expression.

To characterize the gene classes regulated by pnp-7 and
adah-1 relative to genes previously shown to be upregulated
upon other IPR triggers, we performed gene set enrichment anal-
ysis (GSEA) (Tables S3 and S4; Figure 2E). Here, we found that
adah-1 RNAI significantly upregulates genes that are also upre-
gulated in response to the natural intestinal pathogens
N. parisii and the Orsay virus, as well as genes that are induced
by ectopic expression of the RNA1 segment of Orsay virus
(Figure 2E)."®?® Orsay virus RNA1 contains an active form of
RNA-dependent RNA polymerase that is sufficient to induce
the IPR via the viral RNA sensor DRH-1/RIG-1."® Furthermore,
adah-1 RNAI upregulates genes that are upregulated by other
IPR triggers like the proteasome inhibitor bortezomib and heat
stress, as well as in pnp-1 and pals-22 mutants (Figure 2E). Over-
all, these results highlight the role of the purine salvage enzyme
ADAH-1 as a negative regulator of the IPR, acting similarly to the
previously characterized purine salvage enzyme pnp-1 in its
effects on gene expression.

Metabolomic analyses indicate that ADAH-1 acts as a
canonical adenosine deaminase

Next, we investigated whether ADAH-1 functions as a canoni-
cal ADA, acting upstream of PNP-1. ADA and PNP are both en-
zymes of the purine salvage pathway that is conserved from
bacteria to humans, with ADA acting upstream of PNP (Fig-
ure S1A). Specifically, ADA catalyzes the deamination of aden-
osine into inosine, and PNP then catalyzes the conversion of
inosine into hypoxanthine (Figure 3A). Our previous targeted
metabolomic analysis of PNP-1 using liquid chromatography-
mass spectrometry (LC-MS) confirmed it likely behaves as a
canonical PNP, as we found that pnp-7 mutants have
increased levels of inosine and lowered levels of hypoxanthine
compared to wild-type animals.? Here, as a positive control for
our adah-1 LC-MS analysis, we again found that pnp-1 mutants
had increased inosine and decreased hypoxanthine levels
compared to wild-type animals, as well as increased levels of
adenosine (Figure 3B). Then, to investigate the enzymatic activ-
ity of ADAH-1, we used RNAi knockdown. Here, we found that
RNAi against adah-1 led to significantly increased levels of
adenosine, and decreased levels of inosine and hypoxanthine,
as might be expected if ADAH-1 were catalyzing the canonical
ADA reaction (Figure 3C). Thus, it appears that ADAH-1 is a
bona fide ADA that acts upstream of PNP-1 in the purine
salvage pathway.
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Figure 2. Endogenous IPR gene expression

adah-1(RNAI)
B pnp-1(RNAI)

is induced by knockdown of pnp-1 or adah-
1
(A) RT-gPCR of a subset of IPR genes in adah-1
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=
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=l - Other IPR activators

% | %= UP by Ectopic RNA1 expression
[ [l NES not significant (9>0.06 or FDR>0.25)
-2 0

Normalized Enrichment Score (NES) *FDR<0.05

pals-22(jy3) up

Natural intestinal pathogens

(rf = 36.5; p < 1.21e-30).

(D) Venn diagram of genes upregulated by adah-1
RNAi and pnp-1 RNAi and genes upregulated in
pals-22(jy3) mutants from previous study.'" There
is significant overlap between genes upregulated
by adah-1 RNAi and genes upregulated in pals-
22(jy3) mutants (46 genes in common, rf = 4.1;
p < 2.42e-25). There is significant overlap between
genes upregulated by pnp-7 RNAi and upregu-
lated in pals-22(jy3) mutants (15 genes in com-
mon, rf = 3.6; p < 1.95e-07).

(B-D) rf is the ratio of actual overlap to expected
overlap where rf > 1 indicates overrepresentation
and rf < 1 indicates underrepresentation.

(E) Correlation of genes differentially expressed
upon adah-1 or pnp-1 RNAi compared to genes
differentially expressed by intracellular pathogens
(top half of table with white background) and
genes differentially regulated by other immune
regulators and various stressors (bottom half of
table with gray background). Analysis was per-
formed using GSEA 3.0 software, and correlations
of genes sets were quantified as a Normalized
Enrichment Score (NES). NES values presented in
a heatmap. Blue indicates significant correlation
of downregulated genes in an RNAi-treated
animal with the tested gene set, yellow indicates

significant correlation of upregulated genes in an RNAi-treated animal with the tested gene set, and black indicates no significant correlation (o > 0.05 or false

discovery rate >0.25). * FDR <0.05, ns = not significant.

Deoxyadenosine supplementation induces IPR gene
expression

The results above demonstrated there were altered levels of pu-
rine metabolites in adah-7- and pnp-7-defective animals, sug-
gesting that one of these metabolites might regulate the IPR.
Therefore, we investigated whether supplementing purine metab-

olites that are precursors or products of ADAH-1 and PNP-1 activ-
ity might regulate IPR gene expression. Of note, ADA and PNP
from other organisms act not only on the RNA forms of nucleo-
sides (adenosine and inosine) but also on the DNA forms (deoxy-
adenosine and deoxyinosine), which are generally found at much
lower levels in the cell,”>® and unfortunately were below the level
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Figure 3. Metabolomics analysis of purine metabolite levels in animals defective for adah-1 and pnp-1

(A) Schematic of reactions catalyzed by ADAH-1 and PNP-1.

(B and C) Quantification of LC/MS analysis of adenosine, inosine, and hypoxanthine levels in different strain backgrounds, showing the mean of eight experi-
mental replicates, each containing one biological replicate per condition composed of thousands of mixed-stage animals. (B) pnp-71 (jy90) mutants have
significantly higher adenosine and inosine levels, and lower hypoxanthine levels, compared to wild-type N2 control animals; values were normalized to N2 levels.
(C) adah-1 RNAi-treated animals have increased adenosine levels, and decreased inosine and hypoxanthine levels, compared to control L4440 RNAi-treated
animals; values were normalized to L4440 levels. (B and C) Red dots indicate values from individual experiments, and error bars indicate standard deviation (SD).
An unpaired t test was used to calculate p values; ***p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.

of detection in our LC-MS analysis described above. Therefore,
we performed dietary supplementation experiments with 30 mM
adenosine, deoxyadenosine, inosine, deoxyinosine, and hypo-
xanthine in wild-type animals and then quantified pals-5p::GFP
expression. Notably, C. elegans’ normal laboratory food source
of Escherichia coli bacteria has previously been shown to interfere
with dietary supplementation assays,’”*® so we used heat-killed
E. coli as a food source in these assays. Here, we found that
supplementation of deoxyadenosine for 24 h caused significant
induction of the pals-5p::GFP reporter, with adenosine and
deoxyinosine having more minor impacts (Figure 4A). We next
performed a dose-response curve measuring pals-5p::GFP
expression upon supplementation with differing concentrations
of deoxyadenosine and found increasing pals-5p::GFP expres-
sion with increasing doses up to 90 mM deoxyadenosine
(Figures 4B and 4C). Therefore, deoxyadenosine activates
expression of the IPR reporter pals-5p::GFP.

6 iScience 28, 111950, March 21, 2025

Given that 30 mM deoxyadenosine supplementation caused
robust induction of pals-5p::GFP expression, we used that con-
centration to further characterize the effects of deoxyadenosine
on the IPR. To investigate the impact on endogenous mRNA
expression of IPR genes, we performed RT-gPCR after treatment
with 30 mM deoxyadenosine and found increased levels of pals-5
and other IPR genes in comparison to control conditions (Fig-
ure 4D). If deoxyadenosine were triggering the IPR similar to other
triggers like virus and microsporidia infection, we would expect
this induction to be dependent on the transcription factor ZIP-1.
Indeed, we found that ZIP-1 was required for the effects of deox-
yadenosine, because 30 mM deoxyadenosine supplementation
of zip-1 mutants failed to induce the pals-5p::GFP reporter, in
contrast to wild-type animals, where deoxyadenosine supple-
mentation induced the pals-5p::GFP reporter (Figure 4E).
Therefore, deoxyadenosine induces endogenous IPR mRNA
expression, which involves the transcription factor ZIP-1.
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Figure 4. Deoxyadenosine supplementation induces IPR gene expression

(A-C) Treatment of jyls8[pals-5p::gfp, myo-2p::mCherry] animals with various purine metabolites. (A) Quantification of pals-5p::GFP fluorescence upon treatment
with hypoxanthine (Hypo), adenosine (Ado), deoxyadenosine (dAdo), inosine (Ino), or deoxyinosine (dIno), all at 30 mM, or control (0 mM) for 24 h. Treatment with
dAdo caused the most significantly increased pals-5p::GFP expression. (B and C) Dose-response curve of pals-5p::GFP induction by treatment with different
concentrations of dAdo, each for 24 h. Scale bar, 100 um.

(D) RT-gPCR of a subset of IPR genes upon treatment with 30 mM dAdo for 24 h. An unpaired, one-tailed Student’s t test was performed. * p value <0.05, ** p value
<0.01; four biological replicates were performed; dots indicate individual replicates.

(E) pals-5p::GFP is induced after 30 mM dAdo for 24 h in wild-type animals but not in zip-7 mutants.

(F) Quantification of pals-5p::GFP levels upon treatment of pnp-1(jy90) mutants with fludarabine. Treatment for 4 days caused a reduction in pals-5p::GFP
fluorescence levels compared to a DMSO control. A Mann-Whitney test was used to calculate p values; ****p < 0.0001. Control n = 91; fludarabine n = 96.

(G) Representative images of pnp-1(jy90) mutants treated with fludarabine and control (DMSO) after 4 days. Scale bar, 100 um. (A, B, E) Kruskal-Wallis test was
used to calculate p values; ***p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns = non-significant (o > 0.05). Red dots in graphs represent values of individual
worms; three independent replicates were performed with n = 50 worms each.

To directly test our model that loss of pnp-1 and adah-1 in-
duces the IPR due to a build-up of deoxyadenosine, we inhibited
the enzyme ribonucleotide reductase (RNR). RNRs are essential
for generating DNA building blocks like deoxyadenosine from
RNA building blocks.?® Given that more than one RNR homolog
exists in the C. elegans genome, we used a pharmacological
approach to inhibit RNR, using the drug fludarabine, which is a
well-characterized RNR inhibitor.>° Given the challenges of
working with adah-1 as an essential gene, and the complications
of combining drug treatment with feeding RNAI, we focused on
pnp-1 mutants. If IPR induction in pnp-1 mutants were due to
a build-up of deoxyadenosine, we would expect decreased
pals-5p::GFP expression after drug treatment. Indeed, we found
significantly reduced pals-5p::GFP expression in pnp-1 mutants

upon fludarabine treatment (Figures 4F and 4G). This finding
lends support to the model that build-up of deoxyadenosine in
pnp-1- and adah-1-defective animals is responsible for inducing
IPR gene expression.

To further explore the model that build-up of deoxyadenosine
is responsible for IPR induction in animals defective for adah-1
and pnp-1, we performed supplementation experiments with
30 mM deoxyadenosine added to adah-17 RNAi- and pnp-1
RNAi-treated animals and measured pals-5p::GFP expression.
Here, we found that deoxyadenosine supplementation caused
further pals-5p::GFP expression, on top of what was already
induced by the RNAI (Figure S3A). This increase may be due to
the partial loss-of-function phenotypes caused by RNAi in com-
parison to a null mutant. Consistent with this model, we did not
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find a further increase in pals-5p::GFP expression upon deoxya-
denosine treatment in pnp-1 mutants, perhaps due to the
stronger phenotype caused by a mutation compared to RNAI
(Figure S3B). Alternatively, this lack of effect could be due to
the chronic nature of a mutation compared to RNAI treatment,
with possible desensitization to the effects of deoxyadenosine.
Regardless, these results are consistent with the model that
build-up of deoxyadenosine is responsible for IPR induction in
purine salvage-enzyme-defective animals.

A prior study by Dhanwani et al. used human endothelial cell
culture to demonstrate that siRNA knockdown of ADA2 induced
the IFN-I response, which was attributed to a build-up of deoxy-
adenosine,'’ similar to our findings. Therefore, we explored
whether RIG-I-like receptors were required for IPR induction
through a pnp-1 mutation or supplementation with deoxyadeno-
sine, as the model in the Dhanwani et al. study proposes RIG-I
and MDADb are important for the effects of purine salvage enzyme
defects on IFN-I response. There are two functional RIG-I-like
receptors in C. elegans called DRH-1 and DRH-3, and our prior
work has shown that drh-1 is required for inducing the IPR
upon viral infection but not required upon other IPR triggers
like N. parisii infection.'® Here, we made a drh-1;drh-3 double
mutant and then tested whether crossing in a pnp-1 mutation
or performing supplementation with deoxyadenosine was still
able to induce the IPR in these animals lacking functional RIG-
I-like receptors. In both cases, we found that deoxyadenosine
still induced the IPR (Figures S3C and S3D), indicating that
RIG-I-like receptors are not required for purine salvage perturba-
tions to induce the IPR in C. elegans, in contrast to the findings
reported in human endothelial cells.

Resistance to intracellular pathogens is increased both
by RNAi knockdown of adah-1 and by supplementation
with deoxyadenosine

We next investigated whether adah-1 RNAI increases resistance
against intracellular pathogens, as this phenotype is associated
with IPR induction. First, we measured resistance after infection
with the Orsay virus, which is a single-stranded positive-sense
RNA virus that naturally infects the C. elegans intestine in the
wild.®" Using fluorescence in situ hybridization (FISH) staining
of Orsay virus RNA, we found reduced pathogen load after
adah-1 RNAi and pnp-1 RNAi and in pnp-1 mutants, our positive
control (Figures 5A and S4A). Next, we measured resistance to
infection after 3 h of infection with the microsporidian pathogen
N. parisii by quantifying sporoplasms, which are the parasite
cells detectable as the first signs of infection in L1 animals®’;
for examples of sporoplasm quantification, see Balla et al.*®
Consistent with prior results, pnp-17 RNAi and pnp-1 mutants
had lowered pathogen load (Figure 5B).? Importantly, we found
that adah-1 RNAI also lowered N. parisii pathogen load. These
adah-1 RNAi conditions did not impair larval development
(Figure S4B), or feeding rate as measured by accumulation of
fluorescent beads in the intestinal lumen (Figure S4C), which is
an important control for pathogen infections delivered through
feeding. In summary, these findings indicate that adah-7-defec-
tive animals have increased pathogen resistance, i.e., lowered
pathogen load, when infected with natural intracellular patho-
gens of the C. elegans intestine.
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Lowered pathogen load can be associated with increased
survival upon infection, which is often called pathogen tolerance
or disease tolerance.®* Therefore, we next examined whether
knockdown of adah-1 and pnp-1 increased survival upon infec-
tion. The Orsay virus does not kill C. elegans, so we focused
on survival upon infection with N. parisii, which does Kill
C. elegans.®® Here, we found that, consistent with prior results,**
pnp-1 mutants had increased survival upon N. parisii infection
(Figure S5). We also found that pnp-1 RNAi-treated animals
had increased survival, although adah-7 RNAi-treated animals
did not, perhaps due to the greater health impacts caused by
loss of adah-1 compared to loss of pnp-71. As shown above,
adah-1 is an essential gene, whereas pnp-1 is not. Thus, it is
likely that because adah-1 RNAIi causes lowered general health
in the absence of infection, this effect cancels out the benefits
of increased immunity, leading to similar survival rates upon
infection with adah-7 RNAi compared to control-treated animals.

Our model posits that the IPR is an immune program that is not
active in wild-type, uninfected animals but can be activated
either by infection with pathogens like the Orsay virus or
N. parisii or by loss of enzymes like adah-1 and pnp-1. Given
that the IPR is already off in wild-type uninfected animals, we
would not expect that overexpression of adah-7 would decrease
the IPR or resistance to infection. Consistent with this model, we
found that adah-1 overexpression does not cause a change in
pathogen resistance in wild-type background (Figures S4D and
S4E). Of note, this same adah-1 construct rescues the adah-1
mutation (Figures 1G-1K), indicating it is functional. In summary,
the lack of effect with adah-1 overexpression in a wild-type
background is consistent with the model that the IPR is off under
normal, uninfected conditions but can be induced by loss of
adah-1.

Next, we investigated pathogen resistance after deoxyadeno-
sine supplementation, as this treatment caused IPR gene
induction similar to loss of adah-1. First, we exposed animals
to deoxyadenosine for 24 h, then infected them with Orsay virus
and subsequently measured pathogen load with FISH against
the Orsay virus RNA. Here, we found significantly reduced Orsay
virus load when comparing 30 mM deoxyadenosine supplemen-
tation with control-treated animals (Figures 5C and S6A). Next,
we examined resistance to N. parisii. Specifically, we exposed
L4 animals to 30 mM deoxyadenosine for 24 h, then infected
with N. parisii and then measured pathogen load with FISH
staining for N. parisii meronts (replicative form of the parasite)
30 h later. Here as well, we saw significantly reduced N. parisii
pathogen load after supplementation with deoxyadenosine
(Figures 5D and S6A). As a control, we showed that there is
not a significant reduction in feeding rate with deoxyadenosine
supplementation (Figure S6B). Altogether, these results indicate
that increased deoxyadenosine levels increase resistance to
intracellular pathogens, consistent with the model that increased
levels of this purine metabolite are responsible for IPR induction
and increased pathogen resistance in pnp-1- and adah-1-defec-
tive animals.

To extend our findings into studies of human infections, we
developed a system to investigate microsporidia pathogen
load in human cells treated with deoxyadenosine. We used
human umbilical vein endothelial cells previously shown to
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Figure 5. Resistance against intracellular patho-
gens is increased by adah-1 knockdown or deoxy-
adenosine treatment

(A) Quantification of Orsay virus pathogen load at 18 hpi of
L4 wild-type N2 animals after being treated with empty
vector control RNAI, adah-1, or pnp-1 RNAI, and a pnp-1
mutant (jy727) treated with control RNAI. Infected animals
were stained with an FISH probe to label Orsay virus
RNA1 and RNA2, and each dot in the graph shows fluo-
rescence for an individual animal across three indepen-
dent replicates. WT, control n = 40; WT, adah-1(RNAi) n =
42; WT, pnp-1(RNAIi) n = 40; pnp-1(-/—) control n = 36.
Images for quantification were taken with a Zeiss
Axiolmager; see Figure S4A.

(B) Quantification of N. parisii pathogen load at 3 hpi in
wild-type animals treated with control, adah-1, or pnp-1
RNAi and a pnp-1(y721) mutant treated with control
RNAI. Each dot represents the number of sporoplasms for
an individual animal; 300 animals per condition were
quantified across three independent replicates, with the
average sporoplasm number listed at the top.

(C) Quantification of Orsay virus pathogen load 18 hpi
determined by mean FISH probe fluorescence in adult
rde-1(ne219) mutant animals (which are RNAi-defective
and thus are more susceptible to infection than wild-type
animals) that have been treated with 30 mM deoxy-
adenosine (dAdo) for 42 h. Control n = 155; dAdo n = 160.
Images for quantification were taken with an ImageXpress
plate reader; see Figure S6A.

(D) Quantification of N. parisii pathogen load 30 hpi
determined by mean FISH probe fluorescence of adult
wild-type N2 animals that have been treated with 30 mM
dAdo for 54 h. Three biological replicates were performed.
Control n = 164, dAdo n = 151. (A-D) Kruskal-Wallis test
was used to calculate p values; ****p < 0.0001, *p < 0.05.
(E) Quantification of E. intestinalis pathogen load at 27 hpi
after 48 h treatment of human endothelial cells with the
indicated concentrations of deoxyadenosine. At least 118
vacuoles were quantified per condition, across three
biological replicates.

(F) Quantification of E. intestinalis pathogen load at 27 hpi
after 48 h treatment of human endothelial cells with
0.5 mM deoxyadenosine and anti-IFNalphaR1 antibody.
At least 275 vacuoles were quantified per condition,
across three biological replicates. Pathogen load was
determined by measuring FISH probe fluorescence area.

iScience 28, 111950, March 21, 2025 9




¢ CellPress

OPEN ACCESS

induce the IFN-I response upon deoxyadenosine treatment
and developed conditions to infect these cells with the pathogen
Encephalitozoon intestinalis, which is a microsporidian species
that causes intestinal infections in humans.***” Prior to
infections, we treated these cells with increasing doses of
deoxyadenosine, which we found led to decreasing pathogen
load, i.e., increasing resistance to Encephalitozoon intestinalis
(Figures 5E and S4F). To confirm these effects were due to acti-
vation of the IFN-I response, we treated cells with an antibody
against the IFN-I receptor IFN-alphaR1 and found that the path-
ogen load increased back to control levels (Figure 5F). In sum-
mary, these findings indicate that deoxyadenosine treatment
promotes resistance to microsporidia infection in human cells
via IFN-I signaling, which is similar to findings that deoxyadeno-
sine treatment promotes resistance to microsporidia infection in
C. elegans via IPR signaling.

ADAH-1 is expressed broadly and acts in the intestine to
regulate IPR gene expression and pathogen resistance
To determine where ADAH-1 is expressed, we analyzed trans-
genic animals expressing mScarlet-tagged ADAH-1 (using the
adah-1p::adah-1::mScarlet construct), which rescued pals-
5p::GFP expression and developmental phenotypes of adah-1
mutants (Figures 1G-1K). Here, we found ADAH-1::mScarlet
expression in multiple tissues throughout the animal including
what appeared to be the intestine, the epidermis, neurons, and
body-wall muscle (Figure 6A). Due to their morphology, the intes-
tinal cells are easily identifiable. However, other tissues are less
so, and thus we confirmed ADAH-1::mScarlet expression in
epidermis, neurons, and body-wall muscle by co-localization
with GFP reporters expressed in these respective tissues
(Figures S7A-S7C). These analyses confirmed ADAH-
1::mScarlet expression in the epidermis, neurons, and muscle,
supporting the model that endogenous adah-1 is expressed in
multiple tissues in C. elegans.

We next investigated in which tissue adah-1 is required to
regulate the IPR. First, we performed tissue-specific RNAi using
strains that have the RNAi-deficient rde-1(ne300) null mutation,
which has less leakiness than the rde-1(ne219) partial loss-of-
function mutation used in previously described tissue-specific
RNAi strains.*® Using these improved strains, RNAi can be deliv-
ered to specific tissues by expressing wild-type rde-1 specif-
ically in those tissues, such as strain IG1839 that has wild-type
rde-1 expressed specifically in the intestine via frSi17 [mtl-
2p::rde-1 3'UTR] Il and strain |G1846 that has wild-type rde-1 ex-
pressed specifically in the epidermis via frSi21 [col-62p::rde-1
3'UTR] (we back-crossed these strains into our N2 strain to
generate ERT1265 and ERT1266). Because our prior work has
shown the IPR can be induced in the intestine and the
epidermis,**° we focused on those two tissues. We treated
either wild-type animals, ERT1265, or ERT1266 strains with con-
trol, adah-1, or pnp-1 RNAI to perform systemic, intestinal-spe-
cific or epidermal-specific RNAi, respectively, and then
measured pals-5p.::GFP expression levels. Our prior studies indi-
cated that intestine-specific expression of pnp-1 in a pnp-1
mutant background rescued IPR gene expression and pathogen
resistance phenotypes, indicating that pnp-7 expression in the
intestine is sufficient to regulate IPR phenotypes.”” Here, we
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saw that RNAi knockdown of pnp-1 specifically in the intestine
leads to increased pals-5p::GFP expression, indicating that
pnp-1 expression in the intestine is also required to regulate
IPR phenotypes. Furthermore, we found that intestine-specific
RNAi against adah-1 induced the IPR reporter, comparable to
systemic knockdown, with adah-7 RNAI in the epidermis also
causing a modest increase in pals-5p::GFP expression (Fig-
ure 6B). Overall, these findings suggest that loss of adah-7 in
either the intestine or the epidermis will trigger IPR gene
expression.

We used these same tissue-specific strains to show that
adah-1 is important in the intestine and epidermis to regulate
pathogen resistance. Because the N. parisii pathogen resistance
phenotype was measured in L1 animals and this stage is too
young to see the effects of RNAIi, we focused instead on
measuring resistance to Orsay virus. Here, we treated wild-
type animals with pnp-1 or adah-1 RNAi from L1 until L4, then in-
fected them with the Orsay virus followed by FISH staining to
quantify viral load. We used wild-type animals as a positive con-
trol, as they allow systemic RNAI, and found that, as expected,
knockdown of either adah-1 or pnp-1 decreased viral load (Fig-
ure 6C). Next, we used strain ERT1265 to perform intestinal-spe-
cific RNAI and found that knockdown of either adah-1 or pnp-1
decreased viral load. Finally, we used strain ERT1266 to perform
epidermal-specific RNAi and found a significant decrease in viral
load upon adah-1 RNAI but not upon pnp-7 RNAI. The require-
ment in the epidermis for adah-1, but not pnp-1, expression
may be explained by a broader expression pattern of adah-1
compared to pnp-1, which was only seen in the intestine and
neurons in our prior study.?” See discussion for more information
on comparing expression of these two genes. Overall, these re-
sults indicate that loss of adah-1 in either the intestine or the
epidermis will induce resistance against intracellular pathogens.

Finally, we showed that adah-1 expression in the intestine is
sufficient to regulate the IPR and development, using adah-1
rescue strains. Specifically, we took the adah-1 rescue construct
and drove expression with either the intestinal promoter vha-6p
or the epidermal promoter dpy-7p and introduced these con-
structs into adah-1 mutants. Given that adah-1 mutants fail to
develop, we first needed to assess whether tissue-specific
expression of adah-7 would allow animals to develop. Here,
we found that expression of adah-1 specifically either in the in-
testine or in the epidermis was sufficient to rescue the develop-
mental defect of adah-1 mutants (Figure 6D). Next, we measured
pals-5p::GFP expression in these strains and found again that
expression of adah-1 specifically in either the intestine or the
epidermis was sufficient to rescue the increased pals-5p::GFP
expression of adah-1 mutants down to near-wild-type levels
(Figures 6E and S7D). Thus, adah-1 expression in either the in-
testine or the epidermis appears to be sufficient to rescue the
developmental defects and the pals-5p::GFP expression defects
of adah-1 mutants.

DISCUSSION
ADA and PNP are enzymes in the purine salvage pathway that is

conserved from bacteria to humans (Figure S1A). In humans,
mutations in these enzymes cause complex syndromes that
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Figure 6. ADAH-1 is required in the intestine
to regulate the IPR and pathogen resistance
(A) Expression of jyEx316[adah-1p::adah-1::
mScarlet]. Arrows indicate expression in different
tissues of adult animals. Scale bar, 100 um.

(B) Box-and-whisker plot of pals-5p::GFP
expression upon tissue-specific RNAI treatment.
GFP expression was analyzed on a worm sorter
and normalized to time of flight (TOF, a proxy for
length of animals) of jy/s8 (WT) animals compared
to intestinal-specific and epidermal-specific RNAi
strains treated with empty vector (control), adah-1,
and pnp-1 RNAI. For the epidermis-specific RNAI
strain, the overall elevated levels of pals-5p::GFP
are likely due to the absence of functional rde-1 in
intestinal cells, resulting in impaired transgene
silencing and increased baseline expression of the
pals-5p::GFP transgene. Lines in box-and-whisker
plots represent medians, box extends from the
25th and 75th percentiles, and whiskers extend
from the box bounds to minimum and maximum
values. Red dots indicate individual animals of
three independent replicates. A Kruskal-Wallis test
was used to calculate p values; ***p < 0.0001,
**p < 0.01; ns = non-significant (p > 0.05). The
analysis was performed in three biological repli-
cates. Sample sizes: WT control = 859; intestine
control = 1,221; epidermis control = 1,581; WT
adah-1 = 750; intestine adah-1 = 969; epidermis
adah-1=1,369; WT pnp-1 =984; intestine pnp-1 =
1,012; epidermis pnp-1 = 1,259.

(C) Quantification of Orsay virus pathogen load
after RNAi treatment with L4440 control, adah-1,
and pnp-1 RNAI in wild-type N2 (WT) animals that
enable systemic RNAI, as well as intestinal- and
epidermal -specific RNAi strains. Mean FISH
probe fluorescence of 44-45 animals was quanti-
fied across three biological replicates. A Mann-
Whitney test was used to calculate p values;
**p < 0.01, *p < 0.05; ns = non-significant (p > 0.05).
(D) Fractions of worms reaching the L4/adult stage
at 48, 64, and 72 h after eggs were laid. Compar-
ison of WT, adah-1(—/—) and adah-1(+/—) animals
of the balanced adah-1(jy125)/nT1 strain, adah-
1(—/-);jyEx316[adah-1p::adah-1::mScarlet::3xHA;
gcy-8p::GFP] expressing worms (adah-1 OF), JYEX366
[vha-6p::adah-1::mScarlet::3xHA; gcy-8p::GFP]
expressing worms (adah-1"), and jyEx376[dpy-
7p::adah-1::mScarlet::3xHA; gcy-8p::GFP]  ex-
pressing worms (adah-15P)). All strains are in a jy/s8
background. Averages of three independent

experimental replicates, with 100 animals scored in each replicate at each time point are shown. A two-way ANOVA test was used to calculate p values;
****p < 0.0001, *p < 0.05; ns = not significant. Error bars indicate standard deviation (SD).
(E) Quantification of pals-5p::GFP fluorescence in L1 animals of WT animals and adah-1(—/—) animals of the balanced adah-1(jy125)/nT1 strain compared to
adah-1(—/-);jyEx316[adah-1p::adah-1::mScarlet::3xHA; gcy-8p::GFP] expressing worms (adah-1°F), [vha-6p::adah-1::mScarlet::3xHA; gcy-8p::GFP] expressing
worms (adah-1'"), and [dpy-7p::adah-1::mScarlet::3xHA; gcy-8p::GFP] expressing worms (adah-15°). Three independent experimental replicates were per-
formed. A Kruskal-Wallis test was used to calculate p values; ****p < 0.0001. adah-1(—/—)°F n = 118, adah-1(—/—) n = 58, adah-1"" n = 120, adah-1°' n = 98.
Representative images shown in Figure S7D.

involve both

immunodeficiencies and
example, over 100 different inflammatory-disease-causing
ADA2 mutations have been identified.'®“° Here, we perform
the first analysis of ADA in C. elegans, a gene we name adah-
1, which appears to encode a protein with the same enzymatic
activity as its human homolog in catalyzing the conversion of

inflammation.

For

adenosine into inosine. We find that loss of adah-1 causes similar
immune phenotypes as loss of the downstream enzyme pnp-1,
including upregulated immune gene expression and pathogen
resistance against intracellular pathogens. Importantly, we iden-
tify the build-up of deoxyadenosine as a likely explanation for the
common immune phenotypes in pnp-1- and adah-1-defective
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Figure 7. Model of the role of the purine
salvage enzymes and deoxyadenosine on
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animals (Figure 7). We found that supplementation of deoxyade-
nosine, a substrate for ADA, is sufficient to induce immune gene
expression and pathogen resistance in C. elegans, a finding we
also extended to human cells.

In contrast to the similar immune phenotypes regulated by
adah-1 or pnp-1, we found distinct expression patterns for these
two genes, with adah-1 appearing to be expressed in more tissues
than pnp-1 (Figures 6A and S7A-S7C). However, one caveat is
that the expression analysis of pnp-1 used a TransgeneOme
construct,”’ which contains about 30 kb genomic region sur-
rounding pnp-1, and thus contains more regulatory regions than
the cDNA transgene we generated to analyze adah-1 expression.
Therefore, pnp-1 transgene expression might reflect endogenous
gene expression more closely than the expression of the adah-1
transgene (no TransgeneOme construct exists for adah-1). That
being said, our tissue-specific RNAi analysis supports the model
that adah-1 is more broadly expressed than pnp-1, as immunity
was induced by knockdown of adah-1, but not by knockdown
of pnp-1, in the epidermis. The distinct roles for adah-1 and
pnp-1 indicate they may have distinct roles outside the purine
salvage pathway. Indeed, as classic studies of core metabolic
pathways expand out from single cells into multicellular organ-
isms, we are learning about potential tissue-specific roles for
certain enzymes. For example, recent spatial metabolomics in
the model plant Arabidopsis thaliana indicate there may be tis-
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inosine levels in pnp-1-defective animals,
as would be expected from their canoni-
enzymatic functions. Therefore,
inosine might be critical for larval devel-
opment. Alternatively, the developmental
defect caused by the absence of adah-1
might be due to greater build-up of a
precursor in adah-71-defective animals
causing toxicity. Indeed, we saw a more dramatic increase in
adenosine upon adah-1 RNAI than in pnp-1 mutants (Figure 3).
Supporting this model, studies in mammalian cells have demon-
strated that mutations in ADA or PNP can cause toxic build-up of
adenosine derivatives and T cell death, leading to immunodefi-
ciency.?® Notably, although we were able to measure adenosine
in our metabolomics studies, we were not able to measure deox-
yadenosine, perhaps because deoxynucleosides are at low
concentrations in non-dividing cells.?>?® Further metabolomic
analyses, together with studies that specifically remove or add
different purine metabolites, ideally with tissue-specific preci-
sion, might help resolve this question.

Another interesting question for future studies is to investigate
why loss of these enzymes, and the resulting putative increase in
deoxyadenosine levels, induces immune responses against
intracellular pathogens. One possibility is that intracellular infec-
tion causes increased levels of deoxyadenosine, either directly
or indirectly. For example, obligate intracellular pathogens like
microsporidia and Chlamydia use ATP transporters to steal
host ATP,*® with Chlamydia Npt1 transporter importing ATP,
coupled to export of ADP into the host cell.** Perhaps activation
of such a pathogen-derived transporter causes build-up of
cellular ADP, which ultimately is converted into deoxyadenosine.
Because obligate intracellular pathogens like Chlamydia, micro-
sporidia, and viruses replicate inside the host cell, it would be
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necessary to develop spatial metabolomics or other spatially
resolved techniques to detect these changes. A separate possi-
bility is that deoxyadenosine levels increase as part of the host
response to infection, to trigger further immune responses. For
example, in mammalian cells, IFN-I-induced enzyme SAMHD1
serves as a restriction factor for HIV via its ability to degrade
host deoxynucleotides, which in turn generates phosphates
and nucleosides like deoxyadenosine.” Thus, one potential
source of deoxyadenosine upon infection could be the by-prod-
ucts of nucleotidases like SAMHD1 acting on dATP reserves,
which may serve to deprive obligate intracellular pathogens of
the reagents they need to replicate and additionally generate de-
oxynucleosides to amplify innate immune responses.

A related possibility to explain why deoxyadenosine induces
immune responses is that deoxyadenosine might be generated
from degrading DNA (i.e., polymerized nucleotides) as a type
of damage response. This explanation was proposed to explain
findings in human endothelial cells, which similarly to our study,
showed that knockdown of an ADA or supplementation with
deoxyadenosine induces IFN-I responses in the absence of
infection.'” However, in contrast to C. elegans ADAH-1, which
appears to be cytosolic, the Dhanwani et al. study in humans
was performed with ADA2, which has a signal sequence and is
secreted extracellularly (Figure S1C), although a recent report in-
dicates ADA2 may also localize to lysosomes and act on DNA,
converting deoxyadenosine to deoxyinosine.*® In Dhanwani
et al., inhibition of ADA2 was proposed to increase extracellular
deoxyadenosine, mimicking a break-down product of extracel-
lular DNA, which would serve as a danger signal indicative of
tissue damage that can occur during infection,'” but further
work is needed to understand deoxyadenosine signaling in hu-
man cells. Notably, cytosolic DNA is also a danger signal, such
as when mitochondrial DNA is released into the cytosol,*®*’
which similarly might be degraded to generate deoxyadenosine.

Unlike C. elegans and several other organisms that only have
one ADA, humans have two ADAs, ADA1 and ADA2. ADA1 lacks
a signal sequence and appears to be predominantly intracellular,
similar to C. elegans ADAH-1 (Figure S1C).*® Our C. elegans
studies focused on ADAH-1 in intestinal epithelial cells, and
notably, human intestinal epithelial cells do not express ADA2,
but instead express ADA1. The role of human ADA1 in regulating
IFN-I response is not well understood; instead ADA1 deficiency
has long been known to cause profound lymphopenia and
severe combined immunodeficiency disease (SCID),*° in
contrast to the ADA2 mutations, which appear to cause mild im-
munodeficiency and a range of inflammatory phenotypes.'®
Future studies will explore how our in vivo characterization of
adah-1 and pnp-1 in C. elegans intestinal cell immunity relate
to the complex syndromes seen in humans when ADA1, ADA2,
or PNP are mutated and how C. elegans ADAH-1 and mouse
ADA functions may correspond to human ADA1 and ADA2
functions. Overall, these studies provide new insights into the
regulation of immune responses and organismal development
by purines, which are critical for all life.

Limitations of the study
Our model posits that loss of adah-1 or loss of pnp-1 leads to an
increase in deoxyadenosine (Figure 7). Although we were able to
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detect increased adenosine in animals defective for adah-1 or
pnp-1, we were not able to measure deoxyadenosine under
any condition, perhaps because deoxynucleosides are at low
concentrations in non-dividing cells,”>?® which are the only
type of somatic cell in adult C. elegans. Another limitation of
our study is that we demonstrated the role of adah-1 in regulating
the IPR in intestinal and epidermal cells, but we did not demon-
strate its role in muscle and neuronal cells, where it is also
expressed. We do not know the impact of sex or gender in our
results. Furthermore, we do not know the mechanism by which
deoxyadenosine induces the IPR.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Orsay RNA1 Cal Fluor Red 610 (CF610) Biosearch Technologies N/A

Rosay RNA1 Quasar 670 (Q670) Biosearch Technologies N/A

Orsay RNA2 Cal Fluor Red 610 (CF610) Biosearch Technologies N/A

Orsay RNA2 Quasar 670 (Q670) Biosearch Technologies N/A

MicroB Red Biosearch Technologies N/A

MicroB Green Biosearch Technologies N/A

Ultra-LEAF™ Purified anti-mouse
IFNAR-1 Antibody

E. intestinalis 16S rRNA FISH

BioLegend

LGC Biosearch Technologies

clone MAR1-5A3; cat#127322; RRID
AB_11149116

Antao et al.®’

probe Quasar 570

Bacterial and virus strains

E. coli: OP50-1 Gary Ruvkun lab N/A

OP50 RNAi Meng Wang lab

E. coli: HT115 Gary Ruvkun lab

Virus: Orsay Virus Felix et al., 2011

N parisii Troemel et al., 2008

Chemicals, peptides, and recombinant proteins

Deoxyadenosine Sigma cat#D7400
Deoxyinosine Thermo Fisher Scientific cat#H52292.06
Hypoxanthine Sigma cat#H9636
Inosine Sigma cat#l4125
Adenosine Sigma cat#A9251
Fludarabine Selleckchem cat#S1491
TRI reagent Molecular Research Center, Inc cat#TR118
1-Bromo-3-chloropropane BCP, Molecular cat#BP151

Fluorescent beads

2'-Deoxyadenosine monohydrate for cell
culture studies

Research Center, Inc

Fluoresbrite Polychromatic Red
Microspheres, Polysciences Inc.

Sigma Aldrich

cat#19507-5

cat# D7400

Deposited data

RNAseq of adah-1/pnp-1 RNAI treatment
RNAseq of used for GSEA: IPR UP
RNAseq of used for GSEA: PALS-22 UP
RNAseq of used for GSEA: PNP-1 UP

This study

Reddy et al. 2019
Reddy et al. 2019
Tecle et al. 2021

GEO: GSE262563
GEO: GSE118400
GEO: GSE118400
GEO: GSE165786

Metabolomics of adah-1 RNAi and This study NMDR Project ID: PR002285
pnp-1 mutants

Experimental models: Cell lines

E. intestinalis ATCC ATCC 50506

Human umbilical vein endothelial cells ATCC ATCC PCS-100-010
(HUVEC)

Vero monkey kidney cells ATCC ATCC CCL-81

Experimental models: Organisms/strains

C. elegans: Strain N2 wild-type Caenorhabditis Genetics Center N2

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
C. elegans: Strain ERT054 jyls8[pals- This study ERT054
5p::GFP, myo-2::mCherry] X

C. elegans: Strain ERT1095 adah-1(jy125)/ This study ERT1095
+IV; jyls8 X

C. elegans: Strain ERT1096: adah-1(jy125)/ This study ERT1096
+IV: jyls8 X; nT1[qls51](IV:V)

C. elegans: Strain ERT1200 jyEx316[adah- This study ERT1200
1p::adah-1::mScarlet::3xHA; gcy-8p::GFP]

C. elegans: Strain ERT1215 frSi17[mtl- This study ERT1215
2p::rde-1 3'UTR] Il; rde-1(ne300) V; jyls8 X

C. elegans: Strain ERT1216 frSi21[col- This study ERT1216
62p::rde-1 3'UTR] Il, rde-1(ne300) V, jyls8 X

C. elegans: Strain ERT1260 jyEx316[adah- This study ERT1260
1p::adah-1::mScarlet::3xHA; gcy-8p::GFP];

C06G3.5(jy125))/nT1[qls51]IV; jyls8 X

C. elegans: Strain ERT1265 frSi17 [mtl- This study ERT1265
2p::rde-1 3'UTR] Il; rde-1(ne300)V

C. elegans: Strain ERT1266 frSi21 [col- This study ERT1266
62p::rde-1 3'UTR] I, rde-1(ne300)V,

C. elegans: Strain ERT1281 otls45[punc- This study ERT1281
119::GFP] V, jyEx316[adah-1p::adah-

1::mScarlet::3xHA; gcy-8p::GFP]

C. elegans: Strain ERT1282 unc-119(ed3) This study ERT1282
I; jySi24[myo-3p::GFP::APX_NES::unc-54;

unc-119(+)] Il; jyEx316[adah-1p::adah-

1::mScarlet::3xHA; gcy-8p::GFP]

C. elegans: Strain ERT1349 unc-119(ed3) This study ERT1349
IlI; jySi25[pET595: dpy-

7p::GFP::APX_NES::unc-54; unc-119(+)] Il;

JYEx316[(pET771) adah-1p::adah-

1::mScarlet::3xHA; gcy-8p::GFP]

C. elegans: Strain ERT485 pnp-1(jy90)IV Tecle et al. 2021 ERT485
C. elegans: Strain ERT588 zip-1(jy13) Lazetic et al. 2022 ERT588
1l; jyls8 X

C. elegans: Strain ERT797 jyls8 X; This study ERT797
C06G3.5(jy125)/+ IV

C. elegans: Strain ERT889 Lazetic et al. 2022 ERT889
zip-1(jy14); jyls8 X

C. elegans: Strain VC1874 mes-4(ok2326) Caenorhabditis Genetics Center VC1874
VInT1[qls51] IV;V

C. elegans: Strain WM27 rde-1(ne219) V Caenorhabditis Genetics Center WM27
C. elegans: Strain WM45 rde-1(ne300) V Caenorhabditis Genetics Center WM45
C. elegans: Strain 1G1839 frSi17 [mtl- Caenorhabditis Genetics Center 1G1839
2p::rde-1 3'UTRJ Il. frls7 [nlp-29p::GFP +

col-12p::dsRed] IV

C. elegans: Strain 1G1846 frSi21 [col- Caenorhabditis Genetics Center 1G1846
62p::rde-1 3'UTR] II; frls7 [nlp-29p::GFP +

col-12p::dsRed] IV

C. elegans: Strain ERT1259 rde-1(ne300) V This study; backcrossed WM45 ERT1259
C. elegans: Strain ERT878 pnp-1(jy121) IV Tecle et al. 2021 ERT878
C. elegans: Strain DA465 eat-2(ad465) Il Gary Ruvkun laboratory DA465
C. elegans: Strain ERT1322 drh-3(ne4253) I; This study ERT1322

drh-1(y110) IV; jyls8 X
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REAGENT or RESOURCE SOURCE IDENTIFIER

C. elegans: Strain ERT1325 jyEx366[vha- This study ERT1325

6p::adah-1::mScarlet::3xHA; gcy-8p::GFP]

C. elegans: Strain ERT1345 jyEx366[vha- This study ERT1345

6p::adah-1::mScarlet::3xHA; gcy-8p::GFP];

CO06G3.5(jy125)IV; jyls8 X

C. elegans: Strain ERT1351 jyEx376[dpy- This study ERT1351

7p::adah-1::mScarlet::3xHA; gcy-8p::GFPJ;

CO06G3.5(jy125)I; jyls8 X

C. elegans: Strain ERT1350 jyEx376[dpy- This study ERT1350

7p::adah-1::mScarlet::3xHA; gcy-8p::GFP]

C. elegans: Strain ERT1347 pnp-1(jy90) drh- This study ERT1347

1(y110); jyls8; drh-3(ne4253) |

C. elegans: Strain ERT356 pals-22(jy1) Il Reddy et al. 2019 ERT356

Oligonucleotides

See Table S1 for oligonucleotide sequences

used in this study

Recombinant DNA

RNAI clone: pL4440-RNAi control (OP50) Ahringer RNAi Library N/A

RNAi clone: pL4440-unc-22 (OP50) Ahringer RNAI Library N/A

RNAi clone: pL4440-RNAi control (HT115) Ahringer RNAI Library N/A

RNAI clone: pL4440-unc-22 (HT115) Ahringer RNAi Library N/A

RNAi clone: Y10G11A1 This study N/A

RNAi clone: C06G3.5(adah-1) Ahringer RNAi Library N/A

RNAi clone: pnp-1 Ahringer RNAiI Library N/A

RNAi clone: hprt-1 This study N/A

RNAi clone: adss-1 Ahringer RNAI Library N/A

RNAi clone: adsl-1 Ahringer RNAi Library N/A

RNA. clone: T22D1.3 N/A

RNAI clone: gmps-1 Ahringer RNAI Library N/A

Plasmid: pET771 This study N/A

Plasmid: pET772 This study N/A

Plasmid: pET774 This study N/A

Software and algorithms

FIJI Imaged 2.14.0 NIH Image RRID:SCR_003070

GraphPad Prism 10
ZEISS ZEN Microscopy Software

Gene Set Enrichment Analysis (GSEA) v3.0
software

BioVenn
Morpheus

Jalview 2.11.2.3.

GraphPad Software, Inc.

Carl Zeiss AG
Subramanian et al. 2005

Hulsen et al. 2008

Waterhouse et al. 2009

RRID:SCR_002798
RRID:SCR_013672
RRID:SCR_003199

https://doi.org/10.1186/1471-2164-9-488

RRID:SCR_017386; https://software.
broadinstitute.org/morpheus

N/A; https://doi.org/10.1093/

bioinformatics/btp033
Other
DRAQ5 Novus Biologicals NBP2-81125
Calcofluor white Sigma Aldrich 18909
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
C. elegans strains were maintained at 20°C on NGM plates seeded with E. coli OP50-1°°" unless otherwise noted. Worms were

synchronized by subjecting gravid adults to a bleaching solution (800 uL of 5.65-6% sodium hypochlorite solution and 200 plL of
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2 M NaOH) and collecting the eggs, which were incubated in M9 at 20°C under continuous rotation for 20-24 h to hatch into synchro-
nized, starved L1s. All strains used in this study are listed in Table S1.

Vero monkey kidney cells (ATCC CCL-81) were used to generate spores of E. intestinalis, and Human umbilical vein endothelial
cells (HUVEC) (ATCC PCS-100-010) were purchased from ATCC specifically for the infection assays described below.

See key resources table for more information on C. elegans strains and cell lines.

METHOD DETAILS

RNAI screen of the purine salvage pathway

To choose purine salvage enzymes for RNAIi analysis, we used the KEGG pathway annotation for purine salvage metabolism in C.
elegans (https://www.kegg.jp/pathway/cel00230). Altogether eight genes were tested: Y10G711A1, C06G3.5 (which we named
adah-1), pnp-1 (our positive control), hprt-1, adss-1, adsl-1, T22D1.3, and gmps-1 (Figure S1). Because RNAI clones were not avail-
able for Y10G11A.1 and hprt-1, we generated them by Gibson cloning of 292 bp of the cDNA sequence of exon 3 from Y10G11A.1
and 439 bp of exon 3 for hprt-1 into the L4440 RNAI vector. All other RNAI clones were obtained from the Ahringer or Vidal RNAI
libraries. All constructs were in E. coli strain HT115 and were sequence verified. Three independent RNAI plates were tested for
each RNAI clone in each experiment, with three to five L4 jyls8[pals-5p::GFP] animals added to each plate. These jy/s8[pals-
5p::GFP] animals were incubated at 20°C and produced progeny, which were then monitored for pals-5p::gfp expression daily until
they reached adulthood. 50 F1 animals were scored for pals-5p::gfp expression at each timepoint in each experiment. Here, only
RNAI against pnp-1 and adah-1 caused increased pals-5p::GFP expression compared to control. Two independent experimental
replicates were performed (each with three plates).

RNAi treatment
RNA interference was performed using the feeding method by plating overnight cultures of E. coli HT115 or OP50-1 on NGM plates
supplemented with 5 mM IPTG and 1 mM carbenicillin followed by incubation at room temperature for 3-4 days®” Animals were
transferred to these plates and incubated at 20°C for varying numbers of generations and times, as described in more detail below
for various experiments. The empty vector L4440 was used as a negative control. unc-22 RNAi was used as a positive control for
efficacy of RNAI.

CRISPR/Cas9-mediated generation of adah-1(jy125) mutant, and strain construction with nT1 balancer

A dpy-10 co-CRISPR method was used to monitor for deletion of the adah-1 locus.®*** Specifically two crRNAs were used, one tar-
geting the 5’ end (CGTGTTTTGCTCATGCTTGT) and the other the 3’ end of the adah-1 gene (GAGTACAATTATCGACACTG). dpy-10
crRNA was used as a control. All crRNA were ordered from IDT and resuspended to 100 uM. 0.5 puL of each crRNA was mixed with
2.5 pl of 100 uM tracer RNA; 1.5 pl of this mix was complexed to 3.5 pL of 40 uM purified Cas9-NLS protein ordered from QB3 Ber-
keley. Injections were performed into jyls8[pals-5p::GFP] to monitor for GFP induction in candidate CRISPR-deleted animals. Dumpy
and/or GFP-positive F1 animals were submitted to genotyping with the primers listed in Table S1.

The CRISPR-generated strain ERT797 adah-1(jy125); jyls8 mutant was back-crossed twice with the N2 strain, which removed the
dpy-10 co-CRISPR mutation, and created strain ERT1095, which, together with ERT1096 (see below) was analyzed for correlation
between pals-5p::GFP expression and genotype, as shown in Figure S2. This backcrossed strained was then crossed to VC1874
mes-4(o0k2326) V/nT1 [qls51] IV;V to generate the balanced heterozygous strain ERT1096 adah-1(jy125) IV/nT1 [qls51] IV;V; jyls8
X, which is shown in Figure 1. Progeny showing both pharyngeal mCherry and GFP signal were genotyped for jy125 using the primers
listed in Table S1.

Generation of transgenic strains

To localize adah-1 expression, the construct pET771 adah-1p::adah-1::mScarlet::3xHA was generated as follows: the adah-1 pro-
moter region (1.4 kb upstream of adah-1) and the adah-7a cDNA sequence were ordered as gene blocks from IDT and assembled
into a vector containing C. elegans codon-optimized mScarlet (wrmScarlet referred to as mScarlet in the text), 3X HA tag and the unc-
54 UTR to create a C-terminal fusion using the NEBuilder Hifi DNA Assembly kit (NEB). The resulting pET771 construct was injected at
7.5 ng/uL together with 20 ng/uL of co-injection marker gcy-8::GFP in a total of 100 ng/uL, which generated C. elegans strain
ERT1200 jyEx316 [pET771(adah-1p::adah-1::mScarlet::3xHA)]; gcy-8p::GFP].

To rescue adah-1(jy125/jy125) mutant phenotypes, the jyEx316 array from strain ERT1200 was crossed into strain ERT1096 adah-
1(Gy125)/nT1 [qls51]; jyls8 to generate ERT1260 adah-1(jy125)/nT1[qls51]; jyls8; jyEx316.

To generate the tissue-specific rescue strains, worms expressing adah-1 specifically in the intestine or the epidermis were gener-
ated by replacing the adah-1 promoter sequence with the vha-6 promotor region (intestinal expression) or the dpy-7 promoter region
(epidermal expression), respectively, in pET771 using the NEBuilder Hifi DNA Assembly kit (NEB). The resulting plasmids pET774
(intestine) and pET772 (Epidermis) were injected into N2 animals at 7.5 ng/uL together with 20 ng/uL of co-injection marker gcy-
8::GFP in a total of 100 ng/uL, generating C. elegans strains ERT1325 (jyEx366) and ERT1350 (jyEx376). These strains were crossed
with ERT1260 worms and then genotyped for the presence of jyEx366 or jzEx376, respectively, and the absence of jyEx316. This
process generated the strains ERT1351 (jyEx376) and ERT1345 (jzEx366).
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To analyze ADAH-1:mScarlet expression through co-localization with known markers for different tissues, strain ERT1200 was
crossed with OH441 otls45[uncp-119::GFP] V (pan-neuronal), ERT466 jySi25[pET595: dpy-7p::GFP::APX_NES::unc-54; unc-
119(+)] Il (epidermal), and ERT445 unc-119(ed3) lll; jySi24[pET594: myo-3p::GFP::APX_NES::unc-54; unc-119(+)] Il (muscle) to
generate ERT1281, ERT1349, and ERT1282 respectively. For tissue-specific RNAi experiments, WM45, 1G1839, and 1G1846 were
provided by CGC and backcrossed into N2 to generate ERT1259, ERT1265, and ERT1266, respectively. Crossing 1G1839, and
1G1846 with ERT054 jyls8 resulted in ERT1215, and ERT1216 respectively for tissue-specific RNAI reporter analysis. To analyze
pals-5p::GFP expression in a drh-1: drh-3 double mutant in pnp-1 mutant background ERT781 was crossed with ERT792 to generate
adrh-1(jy110): drh-3(ne4253) double mutant (ERT1323). ERT1323 was then crossed with ERT1049 to generate ERT1347 pnp-1(jy90)
drh-1(jy110); jyls8; drh-3(ne4253). See Table S1 for more details.

Imaging of C. elegans

To image animals on either a Zeiss Axio Imager M1 or a Zeiss LSM700 confocal microscope (Carl Zeiss, Thornwood, NY), they were
mounted and anesthetized with 100 mM levamisole in M9 buffer on 5% agarose pads. Exposure times were adjusted to eliminate
signal from C. elegans autofluorescence.

Pals-5p::GFP expression measurements

Measurements of pals-5::GFP levels in Figure 11, 4A, 4B, 4F, 4E, 6B, 6E, S2A, S2E, S3A, S3B, and S3C, were performed by imaging
animals using the ImageXpress Nano plate reader (Molecular Devices, LLC), followed by image analysis in FIJI. Mean gray value (ratio
of integrated density and analyzed area) was measured for each animal and normalized to the background fluorescence. The exper-
iments were performed in three biological replicates measuring fluorescence of at least 50 worms per replicate.

To measure pals-5::GFP fluorescence in the balanced jy125 mutant strain ERT1096 adah-1(jy125) IV/nT1 [qls51] IV;V; jyls8 X
compared to the adah-1::mScarlet overexpressing worms of ERT1260 adah-1(jy125)/nT1[qls51]; jyls8; jyEx316 in Figure 1J, 30 gravid
adult worms were picked onto 10 cm NGM plates seeded with E. coli OP50-1 to lay eggs for 4 h and then removed. L1 worms were
collected in M9 buffer after 18 h and pals-5::GFP levels were quantified using the ImageXpress plate reader, followed by image anal-
ysis in FIJI.

Developmental rate assay

To determine the fraction of animals reaching the L4 stage as shown in Figure 1K, gravid adult worms were picked onto 10 cm NGM
plates seeded with E. coli OP50-1 to lay eggs for 3 h at 20°C before removing the adult worms. For Figures 6E and S5C worms were
picked onto 10 cm RNAI plates seeded with control RNAi, adah-1 RNAi or pnp-1 RNAI. These plates were incubated at 20°C to enable
the eggs to hatch and develop into larvae, with the time course starting upon removal of the parents. 100 animals on each plate were
scored for being at or older than the L4 stage at the 44 h, 64 h, and 72 h time points for Figures 1K and 6E and at the 44h time point for
Figure S5C.

RNA extraction and qRT-PCR

For gRT-PCR analysis of IPR gene expression after RNAi treatment as shown in Figure 2A, ten C. elegans N2 at L4 stage (PO) were
picked onto RNAI plates seeded with adah-1, pnp-1, or L4440 cultures in E. coli HT115 background and incubated at 20°C until their
progeny (F1) became gravid adults, which were bleached to obtain synchronized L1 progeny. 1500 L1 progeny (F2) were plated on
two 10cm RNAI plates seeded with the respective RNAI culture. These animals were incubated at 20°C for 56 h, at which point an-
imals were adults and collected for RNA extraction.

For gRT-PCR analysis of IPR gene expression upon deoxyadenosine supplementation as shown in Figure 4D, 4000 synchronized
N2 L1 worms were grown on seeded 10 cm NGM plates for 48 h at 20°C until they developed into L4/adults. Next, 3000 of those
animals were transferred to a 10 cm heat-killed OP50-1 plate supplemented with 30 mM deoxyadenosine and grown at 20°C for
24 h, at which point they were washed off the plates with M9 and collected for RNA extraction.

RNA was extracted using TRI reagent and 1-Bromo-3-chloropropane (BCP, Molecular Research Center, Inc.) followed by isopro-
panol precipitation and ethanol wash. The isolated RNA was converted to cDNA using the iScript (Bio-Rad) cDNA synthesis kit. qRT-
PCR was performed using iQ SYBR green supermix (Bio-Rad) on a BioRad CFX Connect real-time system. Each biological replicate
was performed in technical duplicates and normalized to nhr-23 (Figure 2A) or snb-1 (Figure 4E) control genes. Primers used for gRT-
PCR are listed in Table S1.

RNAseq analysis

For RNAseq analysis of pnp-1 and adah-1 RNAI, animals were prepared identically as for qRT-PCR, except that after TRI-reagent
extraction, the RNA was further purified using the RNeasy cleanup kit with gDNA Eliminator spin columns (Qiagen). All downstream
steps related to sequencing were performed at the IGM Genomics Center, University of California, San Diego, La Jolla, CA. First, RNA
quality was assessed using a TapeStation system, then sequencing libraries were constructed using the TruSeq stranded mRNA
method followed by sequencing using run type SR75 on an lllumina HiSeg4000 sequencer (lllumina). RNA quality assessment
and RNAseq were conducted. RNAseq reads will be publicly available upon publication at NCBI GEO database See key resources
table for accession code.

iScience 28, 111950, March 21, 2025 eb




¢ CellPress iScience
OPEN ACCESS

Next, sequencing reads for adah-1, pnp-1, or L4440 samples were mapped to the C. elegans genome (Wormbase WS235 release)
in Rstudio using Rsubread and then quantified using Featurecounts, with the Galaxy web platform (public server at https://usegalaxy.
org/). Differential gene expression analysis was performed using limma-voom filtering out undetected and lowly expressed genes
(CPM <1). An adjusted p-value of 0.05 and no fold-change cutoff was used to define differentially expressed genes.

Functional expression analysis

For functional expression analysis, Gene Set Enrichment Analysis v3.0 software was used.*®> Normalized RNAseq expression data
was converted into a GSEA compatible filetype and then used for analysis. Independent GSEA analysis was performed for
adah-1 vs. L4440 and pnp-1 vs. L4440 gene sets. For both analyses, a signal-to-noise metric with 1000 permutations was used.
Heatmaps for the NES results were made using Morpheus (https://software.broadinstitute.org/morpheus/). Venn diagrams were
generated with BioVenn.*®

Targeted metabolomics

For adah-1 RNAi analysis, six L4 stage N2 worms were picked onto 10 cm RNAi plates seeded with L4440 or adah-1 in E. coli HT115
overnight cultures grown at 37°C and incubated at 20°C. Gravid adult progeny were synchronized and 1500-2000 eggs were plated
onto 10 cm RNAI plates seeded with the respective RNAi and incubated at 20°C for ~70 h. Six 10 cm RNAI plates were used for each
condition per experiment. For analysis of the pnp-7 mutant, synchronized N2 or pnp-1(jy90) L1 larvae were seeded onto 10 cm plates
and kept at 20°C 4 days until they became adults, which were harvested, washed with M9 buffer, and transferred to 1.5 mL reaction
tubes.?” Approximately 100 pL of packed worms were collected and flash frozen in liquid nitrogen immediately. The samples were
kept at —80°C until shipping. Metabolite extraction and LC-MS were performed with the Penn State Metabolomics Core facility.?*”
Raw Data were processed with MS-DIAL and metabolite levels were corrected to chlorpropamide, an internal standard. Selected
metabolites were determined by m/z and column retention time values of known standards. Eight independent experimental repli-
cates were performed for each condition.

Dietary supplementation of purine metabolites

Purine-supplemented plates were made by adding the cell culture grade chemicals (Sigma) to NGM reagents prior to autoclaving the
media. To test the role of different purines in Figure 4A, adenosine (Sigma cat. # A9251), 2'-deoxyadenosine (Sigma cat. #D7400),
inosine (Sigma cat. #14125), deoxyinosine (Thermo Fisher Scientific cat. #H52292.06) or hypoxanthine (Sigma cat. #H9636), respec-
tively, was added at 30 mM. To perform a dose-response curve for deoxyadenosine in Figure 4B, deoxyadenosine was added at
1 mM, 3mM, 10 mM, 30 mM and 90 mM; 30 mM was used in all subsequent experiments. Purine-supplemented plates were seeded
with 20X concentrated E. coli OP50-1 culture that was heat killed at 65°C for 30 min in 1 mL aliquots. For Figures 4A-4D, and
Figures S3B and S3C, 3000 synchronized jyls8 and/or jyls8; zip-1, jyls8; pnp-1(jy90), or jyls8; drh-1/drh-3 L1 worms were grown
on seeded 10 cm NGM plates for 48 h at 20°C. 300 L4/adult worms were transferred to a 6 cm dead OP50-1 plate supplemented
with the specific concentration of purine metabolite and then grown at 20°C for 24 h. For Figure S3A 1200 synchronized jy/s8 L1
worms were grown on seeded 10 cm control, adah-1 or pnp-1 RNAI plates for 48 h at 20°C and then transferred to 6 cm dead
OP50-1 plates supplemented with 30 mM dAdo followed by incubation at 20°C for 24 h. Fluorescence measurements of pals-
5::GFP were performed using the ImageXpress and analyzed in FIJI. Mean gray value was measured for each animal and normalized
to the background fluorescence.

RNR inhibitor treatment

For Fludarabine treatment of pnp-1(jy90) animals in Figure 4F and 4G Fludarabine in DMSO (Selleckchem cat. #51491) was plated on
NGM plates seeded with E. coli OP50-1 at a final concentration of 50 uM. Control plates were prepared with DMSO. 300 synchro-
nized L1 worms were grown on these plates for 4 days at 20°C. Worms were washed off the plates and fluorescence measurements
of pals-5::GFP were performed with the ImageXpress and analyzed in FIJI. The mean gray value was measured for each animal and
normalized to the background fluorescence.

Orsay Virus infection
Orsay virus filtrates were prepared by infecting RNAi-deficient animals and amplifying up the infected stock, followed by grinding and
filtering.”® To perform viral infections after RNAI (Figures 5A and 6C), about 1200 synchronized L1 larvae were added to a 10 cm NGM
RNAI plate seeded with adah-1, pnp-1, or L4440 overnight cultures grown at 37°C for 15 h in E. coli OP50 background and incubated
at 20°C. After plating, animals were incubated at 20°C for 44 h until the L4 stage, at which point they were top-plated with 900 pL of an
infection mix comprised of 30 uL of 1:10 diluted virus filtrate, 150 pL of 10X OP50-1 bacteria, and 720 uL of M9 buffer. Plates were
dried in the laminar flow hood at room temperature for 30 min and incubated at 20°C for 18 h. After infection, animals were collected
for fixation and FISH staining, which was performed by fixing worms in 4% paraformaldehyde and incubating at 47°C overnight with
two equally mixed FISH probes that hybridize to either Orsay RNA1 or RNA2 genome segments (Biosearch Technologies), both con-
jugated to the red Cal Fluor 610 fluorophore.®’

For Orsay Virus infections after deoxyadenosine supplementation (Figure 5C), 3000 synchronized N2 L1 stage worms were grown
on seeded 10 cm NGM plates for 48 h at 20°C, at which point 300 of the animals were transferred to a 6 cm NGM plate supplemented
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with 30 mM deoxyadenosine and seeded with heat-killed OP50-1. These animals were incubated at 20°C for 24 h until they became
young adults. Then 15 uL of Orsay virus filtrate in M9 buffer was mixed with heat-killed OP50-1 bacteria to a final volume of 300 pL,
which was added to infect the adult worms on the plates. These plates were then dried in the laminar flow hood at room temperature
for 30 min, incubated at 20°C for 18 h and then animals were collected for fixation and staining with Orsay Virus FISH probes as
described above.

For viral infections of adah-1°F animals compared to WT animals in Figure S4E 1000 synchronized L1 stage worms were grown on
seeded 10 cm NGM plates for 44 h at 20°C. 10 uL of Orsay virus filtrate was mixed with 150 uL. OP50-1 bacteria to a final volume of
1000 pL with M9 buffer, and plated on top of the L4 stage worms. The plates were then dried in the laminar flow hood at room tem-
perature for 30 min, and then incubated at 20°C for 24 h. Animals were collected for fixation and staining with Orsay Virus FISH probes
as described above.

To measure Orsay virus pathogen load, FISH probe mean fluorescence was determined by measuring mean gray value (ratio of
integrated density and analyzed area) of each animal in FIJI and then normalizing to the background fluorescence upon imaging an-
imals using a Zeiss Axio Imager M1 of the ImageXpress imager.®®>°

N. parisii infection, pathogen load quantification and survival assays

N. parisii spores were prepared by infecting animals and amplifying up the infected stock, followed by grinding and filtering.*® For
N. parisii sporoplasm assays upon RNAi treatment (Figure 5B), ten adult worms were picked onto 10 cm RNAI plates seeded with
adah-1, pnp-1, or L4440 in E. coli OP50 background grown at 37°C for 15 h and incubated at 20°C. Their gravid adult progeny
were then bleached from 4 pooled plates to obtain synchronized L1 progeny (F2). 1200 synchronized L1 F2 progeny were mixed
with 2.5 x 108 N parisii spores, 25 pL 10X concentrated OP50-1 bacteria and M9 to bring the total volume to 300 uL. This mixture
was plated on room temperature unseeded 6 cm NGM plates, allowed to dry for 30 min and then incubated at 25°C for 3 h. Two plates
were used per condition. For N. parisii infections of adah-1°F animals compared to WT animals in Figure S4D 1200 synchronized L1
animals mixed with 2.5 x 10° N parisii spores, 25 pL. 10X concentrated E. coli OP50-1 and brought to a total volume of 300 pL with M9
buffer. This mixture was plated on unseeded 6 cm NGM plates, allowed to dry for 30 min and then incubated at 25°C for 3 h. Two
plates were used per condition.

Animals were fixed in 4% paraformaldehyde and then stained using a FISH probe specific to N. parisii ibosomal RNA conjugated
to Cal Fluor 610 dye (Biosearch Technologies). For the 3 hpi timepoint, pathogen load was determined by counting sporoplasms per
worm using the 40x objective on a Zeiss Axiolmager M1 microscope.

For N. parisii infections after deoxyadenosine supplementation in Figure 5D, 3000 synchronized N2 L1 stage worms were grown on
seeded 10 cm NGM plates for 48 h at 20°C until they were young adults. These animals were transferred to a 6 cm dead OP50-1 plate
supplemented with 30 mM deoxyadenosine and incubated at 20°C for 24 h. Then these young adults were washed off the plates and
pelleted in ~50 pL M9, mixed with 2 million N. parisii spores, heat killed OP50-1, and this mixture was plated on unseeded 6-cm NGM
plates for pulse-infection of 3 h at 25°C. Infected worms were washed off the plates, transferred to fresh 6-cm 30 mM deoxyadeno-
sine supplemented NGM plates seeded with heat-killed OP50-1 (and no N. parisii), and returned to 25°C for 30 h. Animals were fixed
and incubated with N. parisii FISH probes as described above. Samples were analyzed for meronts on an ImageXpress imager. Worm
outlines were traced using FIJI software (excluding the head regions) and average fluorescence intensity of each worm was quan-
tified and background corrected.

For survival assays, adult worms were picked onto 10 cm RNAI plates seeded with adah-1, pnp-1, or L4440 in an E. coli OP50
background. Worms were incubated at 20°C for 4 days. Gravid F1s were then bleached to obtain synchronized L1 progeny (F2). Syn-
chronized L1s were plated on seeded 6 cm RNAI plates and incubated at 20°C for 44 h. L4s were then washed off plates and resus-
pended in 100 pL M9 buffer. For N. parisii infections, worms were mixed with 50 pL 10X concentrated E. coli OP50-1, N. parisii spores,
and brought up to a total volume of 300 pL. The entire 300 pL mixture was transferred onto unseeded NGM plates and dried in a
laminar flow hood for 40 min. Plates were then incubated at 25°C for 3 h. Infected worms were washed off plates with M9, followed
by three additional washes. Worms were then plated onto a fresh 6 cm RNAI plate. For each treatment condition, 40 worms were
picked onto three 3.5 cm tissue culture-treated RNAI plates (120 total worms/treatment). Plates were incubated at 25°C and survival
was measured every 24 h. When scoring worms, live worms were transferred to fresh RNAI plates until progeny production halted.

Bead feeding assay

For the bead feeding assay upon RNAI treatment in Figure S4C 1200 synchronized WT N2 and eat-2 mutant worms were grown on
empty vector RNAI, adah-1 RNAI, or pnp-1 RNAI plates for 44 h. L4 worms were washed off the plates and 400 animals were mixed
with 4 uL fluorescent beads (Fluoresbrite Polychromatic Red Microspheres, Polysciences Inc.), 25 uL 10X concentrated OP50-1 £
coli, and M9 (total volume 250 pl). For Figure S6B 1200 synchronized L1 worms were grown on seeded 10 cm NGM plates for 48 h at
20°C and then transferred to 6 cm dead OP50-1 plates supplemented with 30 mM dAdo. After incubation at 20°C for 24 h worms were
washed off the plates and mixed with 4 pL fluorescent beads (Fluoresbrite Polychromatic Red Microspheres, Polysciences Inc.),
25 uL 10X concentrated heat-killed E. coli OP50-1, and M9 (total volume 250 pl). For both assays this mixture was then plated on
6 cm NGM plates, dried for 5 min and then incubated at 25°C for 5 min. Plates were then shifted to ice, worms washed with ice-
cold PBST and fixed in 4% paraformaldehyde. Animals were imaged using ImageXpress. Fluorescence was analyzed in FIJI.
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E. intestinalis infection and quantification

E. intestinalis (ATCC 50506) spores were propagated in Vero monkey kidney cells (ATCC CCL-81) grown in high-glucose DMEM
(Gibco 11965092) supplemented with 10% fetal bovine serum (VWR 89510-188) and non-essential amino acids (Gibco
11140050).%” Human umbilical vein endothelial cells (HUVEC; ATCC PCS-100-010) were grown in Lonza EGM-2 Endothelial cell
growth medium (CC-3162) for fewer than 10 doublings. All cell lines were tested monthly for mycoplasma and were consistently
negative.

HUVECSs were seeded onto sterile glass coverslips treated with 1% porcine gelatin (Sigma Aldrich G1890). One or two days later,
confluent cells were pre-treated for 24 h with 0 mM, 0.1 mM, 0.25 mM, 0.5 mM, 1 mM, or 2 mM deoxyadenosine; or 0 mM deoxy-
adenosine, 0.5 mM deoxyadenosine, or 0.5 mM deoxyadenosine with 10 pg/mL anti-IFNalphaR1 antibody. The media was then aspi-
rated and replaced with E. intestinalis in EGM-2 lacking compounds at a MOI of 10-20, and parasites were allowed to invade host
cells for 3 h. After the invasion period, the media was aspirated and replaced with the same concentration of deoxyadenosine or anti-
IFNalphaR1 antibody used in the pre-treatment for 24 additional hours. Thus, over a 51 h experiment period, 48 h were under deox-
yadenosine treatment. The coverslips were fixed in 4% paraformaldehyde in PBS for 15 min at room temperature, washed three
times in PBS, and permeabilized for 30 min at room temperature with 0.25% Triton X-100 and 1% BSA in PBS. The coverslips
were stained for 30 min at room temperature with 2 ug/ulL calcofluor white (Sigma Aldrich 18909) and 0.5X DRAQS5 (Novus Biologicals
NBP2-81125), washed three times with PBS, and were equilibrated for 5 min in FISH hybridization buffer (900 mM NaCl, 20 mM Tris
HCI, 0.01% SDS). Staining with 125 nM Quasar 570 E intestinalis 16S rRNA probe (LGC Biosearch Technologies®’; and https://doi.
org/10.17504/protocols.io.3byl495wogo5/v1) was conducted overnight at 37°C. The coverslips were washed twice in FISH hybrid-
ization buffer with 5 mM EDTA, mounted with Prolong Diamond antifade (Thermo Fisher P36965), and dried for 30 min at 37°C. Im-
aging was conducted on a Zeiss AxioObserver microscope with a 20X air objective, Zeiss HXP metal halide lamp with dsRed, DAPI,
and Cy5 filter set dichroics, and ORCA-Flash4.0 CMOS camera. The experiments were performed in biological triplicate.
E. intestinalis infection was quantified as follows. Images were opened in FlJI. A region of interest (ROI) was drawn around contiguous
regions of E. intestinalis FISH probe staining, which marks intracellular parasites. The areas of the ROIls were measured using the
Measure tool in FIJI and were exported into Prism 10 and a Kruskal-Wallis test was used to calculate p-values.

Tissue-specific RNAi

For tissue specific RNAi analyses, 12-20 adult worms of the respective strain were picked onto three 10 cm NGM plates seeded with
E. coli OP50-1. Gravid adult progeny from three pooled plates were bleached to obtain synchronized L1 progeny. 1200 synchronized
L1 worms were plated on NGM RNAi plates seeded with adah-1, pnp-1, or L4440 control RNAI overnight cultures (in E. coli OP50
background) grown at 30°C for 19.5 h and incubated at 20°C for 3 days until the adult stage. Worms were washed off the plates
with M9 buffer for analysis of pals-5p::GFP expression or subjected Orsay virus infection, as described above. Fluorescence mea-
surements shown in Figure 6 C were performed using the COPAS Biosorter (Union Biometrica). Fluorescent signal of pals-5p::GFP
was normalized to the TOF, as a proxy for worm length.

Multiple sequence alignment

The multiple sequence alignment in Figure S1 was calculated with Clustal Omega® and visualized using Jalview 2.11.2.3.°" The se-
quences were derived from NCBI: C. elegans ADAH-1 isoforma A (isoA) GenBank: CCD83552.1 C. elegans ADAH-1 isoform B (isoB)
GenBank: CCD83553.1, Homo sapiens ADA1 GenBank: NP_000013.2, H. sapiens ADA2 isoA GenBank: NP_001269154.1, E. coli
adenosine deaminase GenBank: WP_327746800.1.

QUANTIFICATION AND STATISTICAL ANALYSIS
All performed data analysis and statistical analyses were performed in Prism 10 unless noted otherwise. Means with standard devi-

ation error bars are presented unless otherwise noted. Details to the statistical tests and samples sizes are described in the respec-
tive figure legends.
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