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SUMMARY

Although adenosine deaminase 2 (ADA2) is considered an extracellular ADA, evidence questions the phys-
iological relevance of this activity. Our study reveals that ADA2 localizes within the lysosomes, where it is tar-
geted through modifications of its glycan structures. We show that ADA2 interacts with DNA molecules,
altering their sequences by converting deoxyadenosine (dA) to deoxyinosine (dI). We characterize its DNA
substrate preferences and provide data suggesting that DNA, rather than free adenosine, is its natural sub-
strate. Finally, we demonstrate that dA-to-dI editing of DNAmolecules and ADA2 regulate lysosomal immune
sensing of nucleic acids (NAs) by modulating Toll-like receptor 9 (TLR9) activation. Our results describe a
mechanism involved in the complex interplay between NA metabolism and immune response, possibly im-
pacting ADA2 deficiency (DADA2) and other diseases involving this pathway, including autoimmune dis-
eases, cancer, or infectious diseases.
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This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ll
OPEN ACCESS

mailto:michele.proietti@uniklinik-freiburg.de
https://doi.org/10.1016/j.celrep.2024.114899
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2024.114899&domain=pdf
http://creativecommons.org/licenses/by/4.0/


INTRODUCTION

Humans possess two adenosine deaminases (ADAs), named

ADA1 and ADA2. ADA2 differs from ADA1 in several aspects,

including molecular mass, the existence of a homodimer instead

of a monomer, different optimum pH, and insensitivity to inhibi-

tion by EHNA (eritron-9-2-hydroxy-3-nonyl-adenine).1–3 In addi-

tion, unlike ADA1, ADA2 is considered to function predominantly

in the extracellular space.3–5 Some measurements, however,

indicate that at physiological concentrations of Ado, the extra-

cellular activity of ADA1 far exceeds that of ADA2.6 This, coupled

with the fact that ADA2 has approximately 100-fold lower affinity

than ADA1 for free adenosine (Ado), casts doubt on the biolog-

ical relevance of ADA2-mediated extracellular Ado deamination.

Of consequence, what the true function of ADA2 is and why its

absence leads to self-inflammation7–11 remain highly debated.

Nucleic acid sensing (NAS) is a basic mechanism of immune

activation.12 It is crucial for antiviral defense in vertebrates, but

its dysfunctions cause autoinflammatory or autoimmune

diseases.13

Here, we discovered that ADA2 is a lysosomal protein that

binds DNA and efficiently deaminates deoxyadenosine (dA)

residues of DNA to deoxyinosine (dI), suggesting that DNA is

its natural substrate. We also found that dA-to-dI editing of

DNA and ADA2 facilitates immune detection of DNA mediated

by Toll-like receptor 9 (TLR9).

By elucidating ADA2’s role in DNA sensing and metabolism,

this study expands our understanding of innate immunity and

sheds light on potential therapeutic targets for autoimmune

and autoinflammatory diseases.

RESULTS

ADA2 is a lysosomal protein
In blood, ADA2 is expressed preferentially in monocytes (https://

www.proteinatlas.org/ENSG00000093072-ADA2/immune+cell;

Figures S1A–S1C). To obtain data on ADA2 expression in mac-

rophages, we analyzed human tonsils (proteinatlas-CD68-

tonsil). We found that ADA2 was almost exclusively expressed

by tingible body macrophages (TBMs) in the germinal center

(Figures 1A and 1B), with few dendritic cells (DCs) in the crypt

epithelium and surface epithelium containing ADA2-positive in-

tracytoplasmic granules (Figures 1A and 1B). More interestingly,

at higher magnification, the ADA2-derived signal resembled

phagolysosomes (Figure 1C). We tested whether ADA2 localizes

in lysosomes, by immunofluorescence, co-staining ADA2 and

LAMP1, a glycoprotein expressed in lysosomes and late endo-

somes. These experiments revealed that ADA2 is contained in

LAMP1-positive lysosomes (Figures 1D–1F and S1D). We

confirmed ADA2 to be a lysosomal protein in peripheral mono-

cytes, plasmacytoid DCs (pDCs), and conventional DCs (cDCs)

(Figures 1G–1I and S1F). The specificity of the ADA2 signal

was assessed using monocytes from patients with ADA2-defi-

ciency (DADA2) (Figures 1J and 1K) and performing fluorescence

minus one (FMO) controls (Figure S1E).

To reach the lysosome, soluble proteins are tagged with

mannose-6-phosphate (M6P),15 which is recognized by the

M6P receptor. In 2006, Sleat et al.16 purified M6P glycoproteins

from human plasma and hypothesized that ADA2 was a lyso-

somal protein. This result suggests that ADA2 could be targeted

to endolysosomes via the M6P-dependent pathway. ADA2 or-

thologs (Figures S1G and S1H) are present in all mammals

except rodents. Furthermore, the protein is highly expressed in

microglia (Figure S1I). Thus, we purified endogenous ADA2

from porcine brain to access sufficient material for glycan anal-

ysis. We found that porcine ADA2 (pA2) contains a significant

amount of M6P-modified glycans linked to three of its glycosyl-

ation sites (N127, N174, N378) (Figure 1L). In addition, its glycan

profile echoes those of known lysosomal proteins, such as lyso-

somal alpha-mannosidase (LAMAN), phospholipase D3 (PLD3),

and ependymin-related protein 1 (EPDR1), and it is distinct

from those of extracellular proteins such as oligodendrocyte

myelin glycoprotein (OMgp) and signal regulatory protein

alpha (SIRPa) (Figure 1L). These results indicate that ADA2 is a

lysosomal protein targeted to endolysosomes via the M6P-

dependent pathway.

ADA2 interacts with DNA
The discovery of its lysosomal localization and the fact that its

ADA activity on free Ado is further reduced by a pH below

six1,17 encouraged us to investigate whether ADA2 has an alter-

native function. Both ADA1 and ADA2 accommodate a purine in

the active site pocket. However, ADA2 possesses an enlarged

pocket that may adapt the purine-linked ribose units of large

nucleotide-containing molecules, such as DNA or RNA.18 We

also observed that in contrast to ADA1 (Figure 2A), the area sur-

rounding the active site of ADA2 is positively charged (Figure 2B),

which could facilitate interactions with negatively charged mole-

cules such as NAs.

Wemodeled the binding of ADA2with a double-stranded DNA

(dsDNA) molecule by using HDOCK,19 and the top-scoring

model suggested an interaction between dsDNA and the PRB

domain of ADA2 (Figure 2C), which is absent in ADA1

(Figures 2A, 2B, and S2A). The residues predicted to be involved

are two lysine residues flanking cysteine 133, which forms a di-

sulfide bridge with cysteine 111 (Figures S2B and S2C).

Having insight into the protein’s ability to bind DNA, wewanted

to confirm this experimentally. We first produced the human re-

combinant (hr)ADA2 (Figures S2D–S2G). The fluorescence reso-

nance energy transfer (FRET) assay can assess the interaction

between DNA and proteins.20 As shown in Figure 2D and 2E,

hrADA2, but not ADA1, induced a significant FRET signal with

an optimal pH = 5, resembling a lysosomal environment. The

ADA2-mediated FRET signal was induced without degradation

of the oligos, indicating that the signal is caused only by ADA2-

DNA interactions (Figure S3A).

We further evaluated ADA2’s interaction with DNA and the

specific structural preferences it may have using an electropho-

retic mobility shift assay (EMSA). This assay confirmed that

ADA2 binds to different DNA substrates (Figures 2F and 2G;

Table S1), including single-stranded DNA (ssDNA) and com-

plex/branched DNA molecules (Hairpin [HpTT], Pseudo-Y, and

50Flap-DNA). The strongest shifts were obtained with substrates

containing regions of both dsDNA and ssDNA (Hairpin and

Pseudo-Y). We also found that ADA2 shows a higher binding af-

finity for longer DNA substrates (Figure 2H; HpTT42 to HpTT20).
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Moreover, increasing the pH from 5.5 to 7.5 decreased, but did

not abolish, ADA2-DNA binding (Figures 2I and 2J). Finally, eval-

uating several ADA2 mutant proteins (Table S2) revealed a pos-

itive correlation between ADA2 deaminase activity on free Ado

and the FRET signal (Figures 2K, S3B, and S3C). Similarly,

ADA2 mutant proteins with different ADA activity showed

different DNA-binding affinities (Figure 2L). These results sug-

gested that the change in DNA conformation might relate to

the ADA catalytic activity or catalytic site of ADA2, one of the

hypotheses being the conversion of the dA nucleobase to

dI, as suggested further by the inhibition mediated by

deoxycoformycin, a potent inhibitor of ADA2-mediated ADA ac-

tivity18 (Figures S3D and S3E).

ADA2 is a lysosomal dA deaminase acting on DNA
To examine if ADA2 deaminates dA on DNA, we performed the

Escherichia coli endonuclease V (EcEndoV) assay (Figures 3A

and S4A). Incubation of DNA substrates (Figure 3B; Table S1)

with ADA2 led to the emergence of cleavage products after

EcEndoV treatment, with optimal activity at pH 5.5 (Figures 3C

and 3D). Dot blot analysis using an anti-inosine antibody (Fig-

ure S4B) was also consistent with ADA2-mediated dA-to-dI ac-

tivity (Figure 3E) and the quantification of dI residues through

mass spectrometry (Figure 3F; Table S3). The signal observed

on the dot blot and the measured dIs were higher for oligonucle-

otides (ODNs) with terminal dAs. Cleavage of an ODNwith a 50 dI
by EcEndoV will generate a 2-nt fragment (Figure S4A). Sepa-

rating the ADA2-EcEndoV sample by DNA sequencing gel elec-

trophoresis gave a 2-nt product (Figure 3G), confirming that

ADA2 deaminates preferentially terminal 50 and 30 dA residues.

Lysosomal DNA is likely processed by lysosomal endonucleases

that can generate nicks or DNA double-strand breaks and, there-

fore, additional terminal ends. We thus tested whether the pro-

tein could perform dA-to-dI activity on nicked DNA terminals

by comparing different ODNs, as shown in Figure S4C. These ex-

periments confirmed that the protein can deaminate dA residues

on nicked terminals of DNA (Figure S4C).

ADA2-mediated dA-to-dI activity could be detected with a

meager amount of ADA2 (<1 nM), indicating that ADA2 has a

higher affinity toward DNA-dA than free Ado, suggesting that

DNA is its natural substrate. In agreement, the dA-to-dI editing

activity could be inhibited by equimolar amounts of ‘‘cold’’

DNA but not by a 10,000-fold excess of free Ado or free dA (Fig-

ure 3H). Competition of the cold DNA on the EcEndoV activity

was excluded by assessing the effect of increasing amounts of

unlabeledDNAs on the cleavage of an end-labeledODNcontain-

ing dI by EcEndoV (Figure S4D). ADA2-mediated adenosine-to-

inosine (A-to-I) activity toward RNA was also observed, albeit at

lower efficiency than toward DNA (Figure S4E). We finally tested

if the catalytic site of ADA2 mediates the dA-to-dI activity. For

this, we compared mutant ADA2 proteins with different ADA ac-

tivity (Figure 2K). dA-to-dI activity was absent in the catalytic

dead mutant G358R, demonstrating that the catalytic site of

ADA2 indeed mediates dA-to-dI activity (Figure 3I), as further

confirmed by the inhibition mediated by deoxycoformycin (Fig-

ure 3H).18 Finally, dA-to-dI editing activity was also shown by

endogenous pA2 (Figure 3G). Importantly, ADA1 did not perform

dA-to-dI deamination (Figures 3J, 3K, and S4F).

dA deamination of DNA molecules and ADA2 control
lysosomal DNA sensing, facilitating TLR9 activation
Given its lysosomal localization and the ability to bind and edit

DNA, we hypothesized that ADA2 may regulate lysosomal DNA

sensing. Lysosomal DNA sensing is mediated by TLR9, which

recognizes unmethylated CpG motifs in ssDNA.12,21–24 Whether

dI is recognized by TLR9 is currently not known. However, dI in

DNA is generally recognized as deoxyguanosine (dG) by cellular

proteins.25 Thus, we investigated whether dI residues in DNA

molecules could be ‘‘recognized as’’ dG by TLR9. We modified

the human CpG2216 (A-class CpG) TLR9 ligand26 by replacing

the dG residues known to be essential for TLR9 activation with

dI (named CpI) or cytosine (CpC) (Figure 4A). These ODNs

were tested in human-TLR9 HEK-Blue reporter cells (Figure 4B).

CpI showed similar activity to CpG (Figure 4B), indicating that

TLR9 can recognize dI. Analogous results were obtained for

type I interferon (IFN) production in human peripheral blood

mononuclear cells (PBMCs) (Figure 4C). Additional experiments

using ODNs where dA residues have been substituted by dI res-

idues (Figure 4D) confirmed that dA-to-dI editing of DNA mole-

cules shapes the potency of possible TLR9 ligands (Figure 4E).

Figure 1. ADA2 is a lysosomal protein

(A and B) CD14 (red) and ADA2 (blue) staining of a human tonsil. (A) Germinal centers (black dotted line) with cytoplasmic ADA2 positivity in tingible body

macrophages (TBMs) (marked by asterisks in the top and bottom images), whereas CD14 highlights the follicular dendritic cell meshwork (103 original

magnification). In higher magnifications (B), CD14+ dendritic cells14 in the crypt epithelium (top) and surface epithelium (bottom) show few small ADA2-positive

intracytoplasmic granules (highlighted by arrowheads, exemplary; 203 original magnification).

(C) Higher magnification (403 original magnification) showing TBMs (black dotted line) containing ADA2-positive organelles resembling phagolysosomes. Two

TBMs are further magnified in the bottom images.

(D) Immunofluorescence of human tonsils showing ADA2-positive cells (yellow asterisks) in the germinal centers (yellow dotted line) (203 original magnification).

(E) Higher (403) magnification of TBMs with LAMP1-positive lysosomes containing ADA2.

(F) Color channels from the images in (E) show single staining of ADA2 (red) and LAMP1 (green).

(G) Expression of ADA2 (red) and LAMP1 (green) in monocytes.

(H) Color channels (top row) and surface channels (bottom row) rendered with Imaris show the signals of ADA2 and LAMP1. The right image shows the co-

localization signal rendered by Imaris.

(I) Quantification of co-localization expressed as co-localizing voxels. Co-localization between nuclear (DAPI) and ADA2 has been measured as negative control

(***p < 0.0001, Mann-Whitney test).

(J) Expression of ADA2 in monocytes from healthy donors and two DADA2 patients.

(K) Quantification of ADA2 expression from the images in (J) expressed as mean intensity per cell (**p < 0.001 and ***p < 0.0001, Kruskal-Wallis test).

(L) Heatmap comparing the glycan structures of pA2 and other lysosomal (green) and extracellular (black) proteins. The color scale represents the percentage of

glycans linked to the indicated amino acid residues.
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We then transduced the HEK-human TLR9 reporter cells

with lentiviruses encoding ADA2-GFP or GFP only. We found

ADA2 expression to be associated with the significant upregu-

lation of TLR9 signaling upon CpG2216 stimulation (Fig-

ure S5A). We used additional HEK293T reporter cell lines

with stable TLR7 or TLR9 expression and molecular chap-

erone UNC93B1 expression to confirm this finding.27 These

cells secreted interleukin (IL)-8 upon activation of the respec-

tive receptor and were stimulated with CpG2006 (B-class

CpG),28 CpG2216, R848 (TLR7/8 small-molecule agonist),

and dsDNA from E. coli. ADA2 significantly increases TLR9

activation upon stimulation with CpG2216 and E. coli DNA,

while no differences were observed upon stimulation with

CpG2006 and R848 (Figures 4F and S5B). We then tested

PBMCs from DADA2 patients and healthy controls. IFN-a

was used as a readout for TLR9 activation in pDCs,29 while tu-

mor necrosis factor alpha (TNF-a) was used as a readout for

CpG2006. The TLR7/8 stimulus 9.2s RNA30 was included to

control for the activity of DCs in DADA2 patients since a

reduction in their number could have also led to a reduced

TLR9 response. We observed a significant decrease of IFN-

a production in cells from DADA2 patients upon CpG2216

stimulation but not for TNF-a after CpG2006 stimulation

(Figures 4G and 4H). We confirmed these results in pDCs

and cDCs sorted (Figures S5C and S5D) from DADA2 patients

and healthy controls (Figure 4I).

As described above, ADA2 efficiently converts Ado residues at

the terminal 50 and 30 ends. As shown in Figure 4J, stimulation

with CpG-derived ODNs where the 50 dA was substituted with

dI was associated with a significant upregulation of the type I

IFN production compared to the non-edited analog.

CpG ODN is artificially modified by longer phosphorothioated

backbones, which are generally not seen in naturally occurring

DNA. To mimic natural TLR9 sensing, a longer (69-bp) dsDNA

fragment was additionally tested. We separated different im-

mune populations from PMBCs using fluorescence-activated

cell sorting and then stimulated them with the 69-bp dsDNA us-

ing poly-L-arginine (PLA), an endolysosomal transfection re-

agent.31 In this setting, dsDNA stimulation produces type I IFN

selectively in DCs (Figure S5E). We found cells from DADA2 pa-

tients associated with impaired type I IFN production upon lyso-

somal dsDNA stimulation (Figure 4K). These results indicate that

ADA2 and dA-to-dI conversion modulate lysosomal DNA

sensing by enhancing TLR9 ligand activity.

DISCUSSION

We describe an intracellular role of ADA2 in lysosomes, identify

DNA as its substrate, and describe a previously unknown regu-

latory mechanism of lysosomal DNA sensing and metabolism.

Despite ADA2 being hypothesized to be a lysosomal protein in

2006,16 it is currently considered a secretory protein. The secre-

tion of lysosomal proteins is a complex phenomenon relevant to

many cellular functions, including immune response. The fact

that monocytes can secrete ADA24 and that elevated levels of

plasma ADA2 are found in diseases with signs of monocyte acti-

vation, such as in chronic inflammatory diseases32–34 or infec-

tious diseases,35 suggests that the cellular trafficking of ADA2

must be regulated during the immune response. A better under-

standing of this regulation could provide insights into the role of

ADA2 in the immune response and facilitate the development of

a replacement therapy.

Our results indicate that ADA2, unlike ADA1, uses DNA as a

substrate. The protein, therefore, could be evolved to interact

with DNA and deaminate dA. ADA2 would thus belong to the

family of proteins with NA editing activity, effectively expanding

it. Indeed, to our knowledge, it is the only lysosomal protein

with selective dA-to-dI activity naturally occurring on DNA so

far described in mammals. The only proteins described as

capable of dA-to-dI action on DNA to date are human ADAR

and ADAT2 (BjADAT2) from Branchiostoma japonicum. ADAR

is a cytosolic ADA that naturally recognizes RNA and can deam-

inate dA in DNA/RNA hybrids, in the presence of a dA-C

mismatch, and with E-to-Q mutations.36 BjADAT2, in complex

with BjADAT3, can perform A-to-I editing of tRNA as well as

dC-to-dU and dA-to-dI deamination of DNA.37

Given ADA2’s selectivity for dA, our discovery could help

accelerate the development of new genome editing tools based

on dA-to-dI conversion.38,39

From an evolutionary point of view, ADA2 of Sus scrofa also

possesses dA-to-dI deamination, suggesting that this activity

is maintained across species. Evaluating the DNA activity of

Figure 2. ADA2 interacts with DNA substrates

(A and B) Comparison of the active sites of ADA1 and ADA2. Red represents acidic (negative) charges in the surface electrostatic charge distribution, whereas

blue represents basic (positive) charges. Compared to ADA1, the catalytic site of ADA2 is surrounded by a positively charged area extending from the PRB

domain to the catalytic site (B). In the cartoon representation, the active sites are shown in yellow, crystallized with inhibitors (20-deoxyadenosine for ADA1 and

coformycin for ADA2).

(C) Model of humanADA2 binding to dsDNA (PDB: 3LGD). The top-scoredmodel corresponds to the interaction of the dsDNAmolecule with the PRBdomain. The

cartoon on the left shows that the PRB domain (colored in purple) is located close to the active site (colored yellow and shown as sticks, whereas the rest of the

protein is shown as a cartoon) and places the DNA at the top of the catalytic cleft. On the right, the electrostatic charge distribution of ADA2 is shown.

(D) Evaluation of the interaction between ADA2 and ADA1 and DNA as a measure of FRET at different pH or NaCl values.

(E) Evaluation of the ADA2- and ADA1-induced FRET signals at different protein concentrations and pH 5.5.

(F) Diagrams showing structures and sequences of the ODN used (O, oligonucleotide; c, complementary; PY, Pseudo-Y; Fl, Flap).

(G) ADA2 binding to DNA as measured by EMSA. hrADA2 was incubated with various [g-32P]-labeled DNA substrates at pH 5.5 before separating bound and free

DNA on 7% native polyacrylamide gels.

(H–J) EMSA was performed also with [g-32P]-labeled DNA substrates of different lengths (H) or at pH 5.5 or 7.5 (I and J).

(K) Correlation between FRET signal (y axis, fluorescence measured at 575 nm) and ADA activity (x axis, EC50 in mg/mL) for the wild-type hrADA2 and ADA2

mutant proteins.

(L) Binding to DNA of hrADA2 mutant proteins tested by EMSA as in (G).
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other ADA2 orthologs will help to understand why some organ-

isms have evolved DNA-directed activity and solve the riddle

of why other species, such as the mouse, despite not having

ADA2, do not show a clinical phenotype superimposed on

ADA2 deficiency in humans. One possibility is that an unidenti-

fied protein has ADA2-like activity on DNA.

In addition to the repercussions just described, it is noteworthy

that this is the first time such activity has been identified in

lysosomes. The interaction of ADA2 with DNA lysosomes could

influence, for instance, that of nucleases essential for NA detec-

tion and the regulation of the immune response, such as

DNAse2,40,41 PLD3, or PLD4.42 Furthermore, given the flexibility

of some deaminases to act on different NAs, it is possible that

ADA2 also modulates the detection of lysosomal RNA (or RNA/

DNA hybrids).

Our results indicate that deamination of dA residues of DNA

and ADA2 influences TLR9 activation. DNA deamination is a rela-

tively common cellular event that can be mediated by, and in the

latter case is enhanced by, exposure to nitrosative compounds

from the environment or nitric oxide (NO-), produced by NO syn-

thases in phagocytes during inflammation and infection.25

Among the DNA bases, dC is the most frequently deaminated.

At the same time, spontaneous deamination of dA is a minor re-

action that occurs at 2%–3% of the rate of dC deamination. Our

data now suggest that this phenomenon can happen enzymati-

cally in the lysosomes. Because dI is recognized as dG, convert-

ing dA residues in mammalian DNA could modulate the TLR9

agonist potency of DNA molecules. Of particular interest will

be to investigate whether this relates to the phagocytic

response, e.g., during phagocytosis of apoptotic cells and the

overexposure of macrophages to self-DNA or during pathogen

recognition.

Answering these questions could help improve our under-

standing of TLR9’s mechanisms of action. Indeed, this recep-

tor is generally believed to preferentially recognize pathogen-

derived DNA containing a higher frequency of unmethylated

CpG dinucleotides.22,24 Its stimulation leads to the production

of type I IFN in human pDCs.29 However, it is unclear whether

it can only recognize bacterial DNA or can also be activated

by self-DNA,43,44 just as its role on cells other than pDCs is

unclear.

In this regard, although our work does not investigate the

pathophysiology of DADA2, our data indicate the need to better

understand the function of TLR9 in the immune response in hu-

mans. Indeed, the observation that ADA2 facilitates the activa-

tion of TLR9 might seem contradictory to the fact that its

absence causes the onset of an inflammatory disease. However,

a similar situation happens inmanywayswith DNase2 deficiency

in humans. Its absence causes the onset of inflammatory dis-

ease,41 but the enzyme facilitates TLR9 activation.40

In conclusion, we have shed new light on the intricate roles

of ADA2 within lysosomes and its significance in lysosomal

DNA sensing, enhancing our understanding of innate immunity

regulation.

Limitations of the study
We have no evidence for DNA deaminase activity in vivo (can be

proved by isolating DNA from lysosomes/cytoplasm and check-

ing with MS/anti-inosine antibody). We do not know if the role of

ADA2 in regulating NA sensing is limited to TLR9. We have not

analyzed secreted ADA2.
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request.

d Mass spectrometry data of the porcine brain ADA2 have been deposited

to the ProteomeXchange Consortium via the PRIDE 48 partner reposi-

tory with the dataset identifier PXD019373.

Figure 3. ADA2 is a lysosomal adenosine deaminase acting on DNA

(A) EndoV assay operating principle. EndoV from Escherichia coli (EcEndoV) cuts dI-containing DNA. The DNA is labeled with g-32P before being treated or not

with EcEndoV or EcEndoV and ADA2 and visualized by phosphorimaging. C.P.1, cleaved product 1 generated by EcEndoV in the presence of dIs; C.P.2, cleaved

product 2 occurs when additional (ADA2-generated) dIs are introduced.

(B) Sequences of the ODNs used.

(C) ADA2 (5 fmol) dA-to-dI activity at various pH.

(D) Top: different amounts of hrADA2 were incubated with DNA substrates at 37�C for 45min before EcEndoV treatment. H.I., heat inactivated at 95�C for 30min.

Bottom: ADA2 (200 fmol) was incubated with DNA substrates, samples were withdrawn at different time points and treated with EcEndoV, and reaction products

were analyzed as above. The DNA substrate used here contained adenosines instead of the internal inosine used above (see also B).

(E) dIs were detected by dot blot using an anti-inosine antibody.

(F) ADA2 was incubated with the indicated DNA substrates for 1 h at pH 5.5. Samples were then subjected to mass spectrometry for quantification of nucle-

obases. The dI levels are shown as percentage of nucleobases (top) and as dI/dA ratio (3100) (bottom).

(G) Recombinant human ADA2 (rA2) or endogenous porcine ADA2 (pA2) were incubated with ssIITI or dsAATA substrates, and after treatment with EcEndoV,

samples were run on DNA sequencing gels. The length of the different fragments (in nt) is shown to the left. Multiple bands are seen in samples with pA2, likely

generated by co-purifying DNases. The ADA2+EcEndoV cleavage product migrates slightly slower than 2 nt because EcEndoV produces 30OH termini with less

negative charge than 30P termini made by DNases.

(H) Competition assays were performed by adding competitors as indicated and 20 fmol ADA2 to the reaction mixture.

(I) dA-to-dI activity of mutant ADA2 proteins (0.5–10 fmol) on various DNA substrates.

(J and K) dA-to-dI activity of increasing amount of ADA1 at pH 5.5 and 7. rA2 (5 fmoles) has been included as control (Figure 3K).
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d Mass spectrometry data of the hrADA2 have been deposited to the

ProteomeXchange Consortium via the PRIDE 48 partner repository

with the dataset identifier PXD019382.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this

paper is available from the lead contact upon request.
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Figure 4. Deoxyadenosine deamination of DNA molecules and ADA2 control lysosomal DNA sensing, facilitating TLR9 activation

(A) Sequences of the CpG analogs used for stimulation experiments. CpI and CpG indicate ODNs in which the dG residues required for DNA recognition by TLR9

are replaced with dI or dC, respectively. Ctrl represents unstimulated cells.

(B) TLR9 activation wasmeasured using humanHEK-Blue TLR9 reporter cells. Cells were incubated with 5 mMof the indicated ODNs, and themagnitude of SAEP

induction was measured after 20 h as an indicator of TLR9 activation.

(C) Type I IFN production by human PBMCs upon incubation with CpG analogs as in (B).

(D) Sequences of different ODNs with dA residues replaced by dI highlighted in red.

(E) Activation of TLR9 measured using human HEK-Blue TLR9 reporter cells as in (C) following stimulation with the ODNs (5 mM) described in (D).

(F) Concentration of IL-8 in the supernatant of HEK293T-hTLR-UNC93B1 reporter cells after overnight stimulation with the indicated compounds.

(G and H) IFN-a (G) and TNF (H) were measured by ELISA in the supernatants of PBMCs from healthy donors and DADA2 patients after overnight stimulation with

the indicated compounds. Three DADA2 patients with the indicated genotype and three age- and gender-matched healthy donors have been compared.

(I) Type I IFNmeasured byHEK-type I IFN reporter cells in the supernatants of sorted pDCs from healthy donors or DADA2 patients after overnight stimulation with

CpG2216.

(J) Type I IFN was measured by HEK-type I IFN reporter cells in the supernatants of PBMCs from healthy individuals after overnight stimulation with the

indicated ODN.

(K) Type-I IFN production by PBMCs from healthy donors or DADA2 patients upon lysosomal sensing of dsDNA.

Unpaired t test (in B, C, G, H, K) and ANOVA t test (in F) were used to calculate p values.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-Human CD14 Biogenex Cat#AN814GP

Rabbit polyclonal anti-human CECR1 Sigma-Aldrich Cat#HPA007888; RRID:AB_1078495

Mouse monoclonal anti-human CD107a (LAMP1) Thermo Fisher Scientific Cat#14-1079-80; RRID:AB_467426

Rabbit monoclonal anti-human LAMP1 Cell Signaling Technology Cat#58996; RRID:AB_2927691

Goat polyclonal secondary anti-rabbit Thermo Fisher Scientific Cat#A-11010; RRID:AB_2534077

Mouse monoclonal anti-human CD3 Biolegend Cat#317306; RRID:AB_571907

Mouse monoclonal anti-human CD14 Biolegend Cat# 367116; RRID:AB_2571928

Mouse monoclonal anti-human CD16 Biolegend Cat#302006; RRID:AB_314206

Mouse monoclonal anti-human CD19 BD Biosciences Cat#555412; RRID:AB_395812

Rat monoclonal anti-human CD4 Biolegend Cat#357404; RRID:AB_2562035

Mouse monoclonal anti-human CD11c Biolegend Cat#301628; RRID:AB_10898313

Mouse monoclonal anti-human HLA-DR Biolegend Cat#307610; RRID:AB_314688

Mouse monoclonal anti-human CD4 Biolegend Cat#300518; RRID:AB_314086

Mouse monoclonal anti-human CD11c Biolegend Cat#301628; RRID:AB_10898313

Mouse monoclonal anti-human HLA-DR Biolegend Cat#307616; RRID:AB_493588

Rabbit polyclonal anti-Inosine Mblbio Cat#PM098

Goat anti-Rabbit IgG Vectorlabs Cat#PI-1000-1

Bacterial and virus strains

pET28b Novagen cat#69865

pET28b-EcEndoV N/A

E.coli NEB Cat#C2566

Biological samples N/A

PBMCs from healthy volunteers N/A

PBMCs from DADA2 patients N/A

Chemicals, peptides, and recombinant proteins

SuperfrostPlus Langenbrinck Cat#03-0060

Biotin blocking reagent Agilent Dako Cat#X0590

Dako REAL Detection System Agilent Dako Cat#K5005

StayBlue/AP Abcam Cat#ab176915

Streptavidin Alexa Fluor 488 Conjugate Thermo Fisher Scientific Cat#S32354

Streptavidin Alexa Fluor 555 Thermo Fisher Scientific Cat#S32355

DAPI Thermo Fisher Scientific Cat#62248

PAN Biotech Pancoll human Cat#P04-60500

Normal goat serum Abcam Cat#ab7481

PEI MAX Polysciences Cat#24765-1

M11V3 media Bioconcept Cat#V3-k

Ni-NTA-Agarose Qiagen Cat#30230

Nickel Sepharose GE Healthcare Cat#17-5248-02

DNA gel loading dye Thermo Fisher Scientific Cat# R0611

T4 polynucleotide kinase New England Biolabs Cat# M0201

Supersignal West Femto Maximum

Sensitivity Substrate

Thermo Fisher Scientific Cat# 34094

Deaminase inhibitor EHNA Sigma-Aldrich Cat# E114

Benzonase Santa Cruz Biotech Cat#sc-391121B
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Nuclease P1 Sigma-Aldrich Cat#N8630

Alkaline phosphatase Sigma-Aldrich Cat#P5931

Deoxycoformicin Sigma-Aldrich Cat#116860

MIB super buffer 2 Jena Bioscience Cat#CS-332

MIB super buffer 1 Jena Bioscience Cat#CS-332

Blasticidin Invivogen Cat#ant-bl-05

Zeocin Invivogen Cat#ant-zn-05

QUANTI-Blue solution Invivogen Cat#rep-qbs

Biotin blocking reagent Agilent Dako Cat#X0590

E.coli Endonuclease V Produced and purified in-house EcEndoV

Human Endonuclease V Produced and purified in-house hEndoV

Superdex75 column GE Healthcare Cat#28-9893-33

TransIT�-LT1 Mirus Bio Cat#731-0027

DOTAP Carl Roth Cat# L787.3

Purified E. coli DNA Invitrogen Cat#tlrl-ecdna

Critical commercial assays

Dako REAL Detection System Dako Agilent Cat#K5005

CD14 MicroBeads, human Miltenyi Cat#130-050-201

DNaseAlert QC System 480 assays Thermo Fisher Scientific Cat#AM1970

Adenosine Deaminase (ADA) Test Kit Diazyme Cat#DZ117A-K

JBScreen Thermofluor Jena bioscience Cat# CS-332

BD OptEIATM Human TNF ELISA Set BD Biosciences Cat# 555212

BD OptEIATM Human IL-8 ELISA Set BD Biosciences Cat# 555244

IFN-a module ELISA Set Thermo Fischer Scientific Cat#BMS216C,

Cat#BMS216MSTK,

Cat#BMS216MSTS

Experimental models: Cell lines

Human TLR9 Reporter HEK293 Cells (NF-kB) Invivogen hkb-htlr9

HEK-BlueTM IFN-a/b cells Invivogen hkb-ifnabv2

293XL/hTLR7-HA cell line (Invivogen)

with human UNC93B1-mCitrine WT

Pelka et al.27 N/A

293XL/hTLR9-HA cell line (Invivogen)

with human UNC93B1-mCitrine WT

Pelka et al.27 N/A

Oligonucleotides

ggGGGACGATCGTCgggggg Biomers CpG2216

ggGGGACCATCCTCgggggg Biomers CpC

ggGGGACIATCITCgggggg Biomers CpI

ACTGGACAIITICTCCGAGG Eurofins IITI

CCTCGGAGTITTTGTCCAGT Eurofins IITI-comp

ACTGGACAAATACTCCGAGG Eurofins AATA

CCTCGGAGTATTTGTCCAGT Eurofins AATA-comp

GCTGGACAAATACTCCGAGG Eurofins A1mut

ATGGGATATACCGGCGACGCATGATGAACA Eurofins CompC

TGTTCATCATGCGTCGCCGGTATATCCCA Eurofins CompCCS

TGTTCATCATGCGTCGCCGGTATATCCCAT Eurofins CompCC

ACCGACCACGCACTGCGCGTTTT

CGCGCTATTCCAGAGTTGA

Eurofins HpTT42

ACCGACCACGCACTGCACGTTTTCG

TGCTATTCCAGAGTTGA

Eurofins HpTTStemAT42

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples
For microscopy, human palatine tonsils were obtained after a positive ethical vote by local authorities (251/13_140389, Ethikkom-

mission der Albert-Ludwigs-Universität Freiburg, Freiburg, Germany).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

TCCGACCACGCACTGCGCGTAATCG

CGCTATTCCAGAGTTGT

Eurofins HpAA42

ACCACGCACTGCGCGTTTTCGCG

CTATTCCAGAG

Eurofins Hp34

ACGCACTGCGCGTTTTCGCGCTATTCCA Eurofins Hp28

GCACTGCGCGTTTTCGCGCTATTC Eurofins Hp24

ACTGCGCGTTTTCGCGCTAT Eurofins Hp20

TGGCTGGTGCGTGAATAAGGTCTCAACT Eurofins Hairpin-comp

GGATACGTAACAACGCTTATGCATCGC

CGCCGCTACATCCCTGAGCTGAC

Eurofins 50bpO

TGTGTTCGATCTCGATCAGAATGACG

ATGCATAAGCGTTGTTACGTATCC

Eurofins 50bpO-c-PY

GTCAGCTCAGGGATGTAGCGGCGG Eurofins 50bpO-c-Fl

GGGGGACGATCGTCGGGGGG Eurofins CpG2216

TGGGATATACCGGCG Eurofins A15

ACGCATGATGAACA Eurofins B14

TGGGATATACCGGC Eurofins A14

ACGCATGATGAAC Eurofins B13

ACGTCGTTTTGTCGTTTTGTCGTT Biomers 245

ICGTCGTTTTGTCGTTTTGTCGTT Biomers 246

TCATCATTTTGTCATTTTGTCATT Biomers 249

TCITCITTTTGTCITTTTGTCITT Biomers 250

TCGTTTTTTTCATTTTTTTTTTTT Biomers 252

TCGTTTTTTTCITTTTTTTTTTTT Biomers 253

TCGTTTTTTTCITTTTTTTCGTTTTTTTT Biomers 257

TCGTTTTTTTCATTTTTTTCGTTTTTTTT Biomers 258

rArGrCrUrUrArArCrCrUrGrUrCrCrUrUrCrArA30 Biomers 9.2 sRNA

Recombinant DNA

pLenti-IRES-GFP-Puro Jonas Doerr, Institute of

Reconstructive Neurobiology,

University of Bonn

N/A

pLenti-ADA2-IRES-GFP-Puro This paper N/A

Software and algorithms

ZEISS ZEN 3.9 ZEISS https://www.micro-shop.zeiss.com/

IMARIS v9.1 Oxford Instruments https://imaris.oxinst.com/

ImageJ/FiJi https://imagej.net/software/fiji/

UCSF Chimera N/A

Proteome Discoverer 1.4 N/A

MaxQuant v1.5.3.54 N/A

ImageQuant IQTL 8.2 N/A

PyMOL N/A

GraphPad Prism 10 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

Other

Mass spec data of the porcine brain ADA2 PXD019373

Mass spec data of the human recombinant ADA2 PXD019382
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For experiments with cells from healthy individuals and DADA2 patients, blood was obtained after a positive ethical vote by local

authorities (322/15, Ethikkommission der Albert-Ludwigs-Universität Freiburg, Freiburg, Germany).

METHOD DETAILS

Cell culture
Human TLR9 Reporter HEK293 Cells (NF-kB) and HEK-Blue IFN- a/b cells weremaintained in DMEM, 4.5 g/L glucose, 10% (v/v) fetal

bovine serum (FBS), 100 U/ml penicillin, 100 mg/mL streptomycin, 2 mM L-glutamine, 10 mg/mL of blasticidin and 100 mg/mL of

zeocin.

293XL/hTLR7-HA cell line (Invivogen) and 293XL/hTLR9-HA cell line (Invivogen) both expressing human UNC93B1-mCitrine WT27

were maintained in DMEM, 4.5 g/L glucose, 10% (v/v) FBS, 100 U/ml penicillin, 100 mg/mL streptomycin and 2 mM L-glutamine.

Immunohistochemistry of human tonsils
For histopathological sample analysis, 2 mm sections were taken from buffered formalin fixed paraffin embedded biopsies of

human palatine tonsils after positive ethical vote by local authorities (251/13_140389, Ethikkommission der Albert-Ludwigs-Univer-

sität Freiburg, Freiburg, Germany) and put on coated slides (SuperfrostPlus, Langenbrinck, Emmendingen, Germany, cat. # 03–

0060). Deparaffinization was done in xylene, followed by 100% ethanol, with a concentration decreasing in aqueous solution until

50% was reached, followed by distilled water. Blocking endogenous biotin (Biotin blocking reagent, Agilent Dako, Glostrup,

Denmark, cat. #X0590) was performed before any primary antibodies. Staining was done with a primary antibody against CD14 (rab-

bit monoclonal antibody, clone EP128, BioGenex, Fremont, USA; cat. # AN814GP; dilution 1:100); no antigen retrieval was neces-

sary. Secondary antibodies were in a ready-to-use (RTU) formulation and incubated afterward (Dako REALDetection System, Agilent

Dako, cat. #K5005; containing a mixture of biotinylated goat-anti mouse and goat-anti rabbit antibodies) and visualized with an alka-

line phosphatase based red chromogen reaction from the same kit, according to themanufacturer’s guidelines. After denaturation of

the first antibodies as described,45 heat-mediated epitope retrieval in a steamer for 30 min in Tris-buffered saline at pH 6.1, followed

by staining against ADA2 (anti-CECR1 rabbit polyclonal antibody, Sigma-Aldrich, cat. # HPA007888, dilution 1:80). The secondary

antibodies were again taken from the kit, visualized by an alkaline phosphatase based blue chromogen reaction (StayBlue/AP,

Abcam, Cambridge, UK, cat. # ab176915). Photos were taken with an Olympus BX 51 microscope (Olympus Hamburg, Germany)

with the AxioCam MRc microscope camera (Carl Zeiss, Oberkochen, Germany).

Immunofluorescence of human tonsils
For immunofluorescence, 2 mm sections were taken from buffered formalin fixed paraffin embedded biopsies of human palatine

tonsils after positive ethical vote by local authorities (251/13_140389, Ethikkommission der Albert-Ludwigs-Universität Freiburg, Frei-

burg, Germany) and put on coated slides (SuperfrostPlus, Langenbrinck, Emmendingen, Germany, cat. # 03–0060). Subsequent

staining was done following the protocol described by von Schoenfeld et al..45 The first staining step was done against LAMP1

(mouse monoclonal antibody, clone eBioH4A3, Thermo Fisher Scientific, cat. # 14-1079-80, dilution 1:100) after heat mediated

epitope retrieval in a steamer for 30 min in Tris-buffered saline at pH 6.1, visualized in the 488 channel (RTU secondary antibodies

from the kit as mentioned above, coupled to Streptavidin Alexa Fluor 488 Conjugate, Thermo Fisher Scientific; cat. #S32354, dilution

1:200). The second staining step was done against ADA2 (anti-CECR1 rabbit polyclonal antibody, Sigma-Aldrich, cat. # HPA007888,

dilution 1:80) and high pressure cooking epitope retrieval for 2 min in citric buffer pH 6, visualized in the 555 channel (RTU secondary

antibodies from the kit as mentioned above, coupled to Streptavidin Alexa Fluor 555 Conjugate, Thermo Fisher Scientific; cat.

#S32355 dilution 1:200). Nuclei were counterstained with DAPI (Thermo Fisher Scientific; cat. # 62248, dil: 1:1000). Photos were

taken with a fluorescence microscope (Axioplan 2, Zeiss) with the AxioCam MRm microscope camera.

Monocytes isolation from peripheral blood mononuclear cells
Peripheral bloodmononuclear cells (PBMC) were prepared by centrifugation on a Pancoll gradient (PAN Biotech, Pancoll human cat.

#P04-60500). Blood CD14+ monocytes were isolated from DADA2 patients (ethical vote 322/15, Ethikkommission der Albert-

Ludwigs-Universität Freiburg, Freiburg, Germany) or healthy donors’ PBMC by positive selection using magnetic beads (Miltenyi,

cat. # 130-050-201) according to the manufacturer‘s protocol. Monocytes purity was 95%–98% as measured by flow cytometry.

Immunofluorescence of primary monocytes from peripheral blood of healthy donors and DADA2 patients
Monocytes were isolated from the blood of healthy donors, as described above. 150.000 cells were seeded in RPMI per well in a

chambered coverslip (IBIDI: cat. # 80826) and let settle for 2 h at 37�C in the incubator. After incubation, RPMI was removed, and

cells were washed three times with PBS before fixation with precooled (�20�C) 1:1 acetone/methanol fixative for 30 min at

�20�C. Afterward, the fixative was aspirated, and the sample was washed three times in PBS for 5 min. The cells were subsequently

permeabilized in PBS with 10% normal goat serum (NGS) (Abcam, cat. # ab7481) and 0.05% Tween (PanReac AppliChem, cat. #

A4974) for 10 min. After permeabilization, the cells were blocked in blocking solution (PBS with 10% NGS +0.05% Tween 20) for

>2 h at RT. Hereafter, cells were immunostained with a rabbit anti-human CECR1 (Sigma cat. # HPA007888; 1:100 in blocking so-

lution) and anti-LAMP1-AF488 (Cell Signaling, cat. # 58996, diluted 1:200, in blocking solution) overnight at 4�C. After incubation,
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cells were washed three times in PBS before being incubated with goat anti-rabbit AF546 (Thermo Fisher Scientific, cat. # A-11010,

1:500) and DAPI (Thermo Fisher Scientific; cat. # 62248, dil: 1:1000) in DPBS with 10% NGS and 0.05% Tween 20 for 1 h at RT. The

slides were mounted with Dako mounting medium (Agilent Technologies cat. #S302380-2). The images were taken with the LSM880

(Zeiss) and analyzed with ZEN (Zeiss) and ImageJ/FiJi2. The software Imaris v9.1 (Oxford Instruments) was used for the 3D recon-

struction, profile plots, and co-localization. For the quantification of LAMP1 and ADA2 in peripheral monocytes, the Coloc tool from

IMARIS was used. The tool allows defining thresholds with FMO or 2nd Ab-only control stainings for each experiment. Defining that

threshold, IMARIS renders the region of interest for single- or co-localizing stainings. The newly created ‘‘colocalizing’’ channel can

then be quantified, i.e., the number of colocalizing voxels. We performed the same steps with ADA2 and DAPI as internal negative

control.

Plasmacytoid and conventional dendritic cells isolation from peripheral blood mononuclear cells for
immunofluorescence
Peripheral bloodmononuclear cells (PBMC) were prepared by centrifugation on a Pancoll gradient (PAN Biotech, Pancoll human cat.

#P04-60500). Plasmacytoid dendritic cells (pDCs) were sorted as lineage (CD3-FITC, CD14-FITC, CD16-FITC, CD19-FITC)-, HLA-

DR-PE-Cy7+, CD11c-BV421dim, CD4-ACP-Cy7high, conventional DC (cDCs) as lineage (CD3-FITC, CD14-FITC, CD16-FITC,

CD19-FITC)-, HLA-DR-PE-Cy7+, CD11c-BV421+, CD4-ACP-Cy7dim.

Immunofluorescence of dendritic cells from peripheral blood of healthy donors
Dendritic cell subtypes were isolated from the blood of healthy donors, as described above. During the sorting time, chambered

coverslip (IBIDI: cat. # 80826) were coated with 100 mL of Poly-D-Lysine 0.1 mg/ml 200 RT and washed five times with PBS. Subse-

quently, 25–30.000 cells were seeded in RPMI per well and let settle for 2 h at 37�C in the incubator. After incubation, RPMI was

removed, and cells were washed three times with PBS before fixation with precooled (�20�C) 1:1 acetone/methanol fixative for

30 min at �20�C. Afterward, the fixative was aspirated, and the sample was washed three times in PBS for 5 min. The cells were

subsequently permeabilized in PBS with 10% normal goat serum (NGS) (Abcam, cat. # ab7481) and 0.05% Tween (PanReac Appli-

Chem, cat. # A4974) for 10 min. After permeabilization, the cells were blocked in a blocking solution (PBS with 10% NGS +0.05%

Tween 20) for >2 h at RT. Hereafter, cells were immunostained with a rabbit anti-human CECR1 (Sigma cat. # HPA007888; 1:100

in blocking solution) and anti-LAMP1-AF488 (Cell Signaling, cat. # 58996, diluted 1:200, in blocking solution) overnight at 4�C. After
incubation, cells were washed three times in PBS before being incubated with goat anti-rabbit AF546 (Thermo Fisher Scientific, cat. #

A-11010, 1:500) in DPBS with 10% NGS and 0.05% Tween 20 for 1h at RT. The slides were mounted with Dako mounting medium

(Agilent Technologies cat. #S302380-2). The images were taken with the LSM880 (Zeiss) and analyzed with ZEN (Zeiss) and ImageJ/

FiJi2.

Modeling of dsDNA binding to ADA2 and alignment of ADA2 and ADA1 structures
The crystal structure of ADA2 (3LGD, PDBDOI: https://doi.org/10.2210/pdb3lgd/pdb)18 and double-stranded DNA (1D66) were used

for protein-DNA docking using HDOCK server.19 The top-scored complex was subjected to steered molecular dynamic simulation

using a TIP3P water model in a solvated box under periodic boundary conditions. Minimization was performed using 100 steepest

descent steps at 0.02 Å followed by 10 steps of conjugate gradient at 0.02 Å. Equilibration was performed for 100000 steps (time step

1fs) using the heater temperature control method. Production was performed for 100000 steps (time step 1fs). Molecular dynamic

simulation was performed with UCSF Chimera. For the comparison of ADA2 and ADA1, the crystal structure of ADA2 (3LGD, PDB

DOI: https://doi.org/10.2210/pdb3LGD/pdb) and ADA1 (3iar, PDB DOI: https://doi.org/10.2210/pdb3iar/pdb) were aligned with

PyMOL 5.46

Quantification of sequence similarity between ADA2 from Sus scrofa and Homo sapiens

Amino acid sequences of ADA2 from Sus scrofa (P58780, https://www.uniprot.org/uniprotkb/P58780/entry) and Homo sapiens

(Q9NZK5, https://www.uniprot.org/uniprotkb/Q9NZK5/entry) were downloaded from Uniprot and the percent of identity expressed

as number of conserved amino acids on number of total amino acids.

Purification of endogenous ADA2 from porcine brain
Brains were cut into small pieces and homogenized in 0.075 M acetic acid/0.15 M NaCl (1:2 mass/vol.) using a Waring blender. The

homogenate was centrifuged at 10000 g for 10min. The supernatant was recovered, its pH adjusted by adding 1M Tris base until the

pH reached 7.6, and then heat treated at 60�C for 20 min before being again centrifuged at 10000g for 10 min. The supernatant was

added to 20mL Concanavalin A Sepharose and stirred overnight at 4�C. The slurry was run through a column and washed with PBS.

The glycoproteins were eluted using 0.2 M a-methylmannoside in PBS. The protein solution was subsequently loaded onto a 20 mL

hydroxyapatite column equilibrated with PBS, and the proteins were eluted at 0.05 M phosphate. After dialysis against 0.02 M Tris,

pH 7.6, this fraction was applied to a DEAE anion exchange column equilibrated with the same buffer. The eluted solution was

concentrated and applied to a Sephadex S-200 gel filtration column, dialyzed against 0.02MTris, pH 7.6, and subjected to CMcation

exchange chromatography using a continuous NaCl salt gradient. The fraction eluted at 0.08 M NaCl was dialyzed against 0.02 M

Tris, pH 7.6. After dialysis against 0.02 M Tris, pH 7.6, the samples were run in Heparin Sepharose chromatography, and the proteins
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bound to heparin were eluted at about 0.1 M NaCl. The final eluted preparation was run on SDS/PAGE and subjected to MS/MS an-

alyses. Mass spec data of the porcine brain ADA2 have been deposited to the ProteomeXchange Consortium via the PRIDE 48 47

partner repository with the dataset identifier PXD019373.

Tandem mass spectrometry analysis of porcine brain proteins
Gel pieces from the heparin Sepharose solution prepared as described above were subjected to in gel reduction, alkylation, and

tryptic digestion using 6 ng/mL trypsin. OMIX C18 tips (Varian, Inc., Palo Alto, CA, USA) were used for sample clean-up and concen-

tration. Peptide mixtures containing 0.1% formic acid were loaded onto a Thermo Fisher Scientific EASY-nLC1000 system and

EASY-Spray column (C18, 2 mm, 100 Å, 50 mm, 15 cm). Peptides were fractionated using a 2–100% acetonitrile gradient in 0.1%

formic acid over 50 min at a 250 nL/min flow rate. The separated peptides were analyzed using a Thermo Fisher Scientific

Q-Exactive mass spectrometer. Data was collected in data-dependent mode using a Top10 method. The Proteome Discoverer

1.4 software was used to generate mgf peak list files. The mgf files were searched against a mammalian database using an in-house

Mascot server (Matrix Sciences, UK). Peptide mass tolerances used in the search were 10 ppm, and fragment mass tolerance was

0.02 Da.

Site-specific analysis of N-glycan structures linked to porcine brain proteins
The N-glycan analysis was carried out essentially as previously described,48 but without spectral aligning due to the purity of the pro-

teins. Briefly, after separation by SDS/PAGE and staining by Coomassie Blue, bands of interest were cut out and subjected to in-gel

reduction, alkylation, and tryptic digestion using 6 ng/mL trypsin. OMIX C18 tips (Varian, Inc., Palo Alto, CA, USA) were used for sam-

ple cleanup and concentration. Peptide mixtures containing 0.1% formic acid were loaded onto a Thermo Fisher Scientific EASY-

nLC1000 system and EASY-Spray column (C18, 2mm, 100 Å, 50mm, 15 cm). Peptides were fractionated using a 2–100% acetonitrile

gradient in 0.1% formic acid over 50 min at a 250 nL/min flow rate. The separated peptides were analyzed using a Thermo Scientific

Q-Exactive mass spectrometer. Data was collected in data-dependent mode using a Top10 method. The Proteome Discoverer 1.4

software was used to generate mgf peak list files. The mgf files were searched against a mammalian database using an in-house

Mascot server (Matrix Sciences, UK). Peptide mass tolerances used in the search were 10 ppm, and fragment mass tolerance

was 0.02 Da. The identification of the ADA2-linked glycopeptides was carried out in five steps:

1) The peptide sequences of the glycopeptides were determined by calculating the theoretical masses of the tryptic peptides con-

taining NXS/T glycosylation sequons of the target protein. The calculated masses of these peptides attached to more than 250

different N-glycan structures were determined and compared to the peptide masses obtained from the MS/MS spectra. Those

masses that matched were analyzed further. 2) The MS/MS-spectra containing glycopeptides were identified by the typical oxonium

ions of simple sugars, m/z 163.1 (Hex), m/z 204.1 (HexNAc) and m/z 366.1 (HexHexNAc). Spectra containing mannose-6-phosphor-

ylated glycans were identified by the additional ions, m/z 243.1 (PHex), and its fragmentation ion, m/z 225.1. 3) Next, each glycopep-

tide spectrumwas scanned for fragmentation ionswith amass similar to the deglycosylated peptide and ions with an additional mass

of 203.1, corresponding to linkage with a single HexNAc. 4) The identity of the peptide part was further confirmed by identifying frag-

mentation ions corresponding to the calculated y-and b-values. 5) The glycan structure linked to the peptide was deduced by

comparing its mass from the MS/MS spectrum and theoretical masses of N-glycan structures. The glycan structures were divided

into the following groups: SN3, sialylated complex structure with three GlcNAc linked to the core; SN2, sialylated complex structure

with two GlcNAcs linked to the core; SN1, sialylated complex structure with one GlcNAc linked to the core; NN3, neutral complex

structure with three GlcNAcs linked to the core; NN2, neutral complex structure with two GlcNAcs linked to the core; NN1, neutral

complex structure with one GlcNAc linked to the core; LMF, core-fucosylated structure with 1–3 mannoses linked to the core chito-

biose unit; P2M, bisphosphorylated oligomannosidic structure; P1M, monophosphorylated oligomannosidic structure; HM, oligo-

mannose with 6–9 mannose; MM, oligomannose with 4–5 mannose; LM, oligomannose with 1–3 mannose.

Production and purification of wild-type human ADA2 and mutant ADA2 proteins
Protein production was performed in 100 mL (small scale screening), and a selection of the ADA2-mutants in 1 L (1L) (large scale)

(Table S2). ADA2 open reading frameDNA (UniProt Q9NZK5: amino acids [aa] 29–511) with a CD33 leader in framewith its N terminus

and a His6-tag on its C terminus (proprietary vector) was transfected with the PEI (PEI MAX, Polysciences, cat. # 24765-1) method in

HKB11mammalian cells. Freshly grown cells (1.25 x 108 cells) were centrifuged, resuspended in 9mL freshM11V3media (produced

at Bioconcept, cat. #V3-k, proprietary formulation) and transferred into 250mL shake flask. Seventy-five mgDNA and 225 mg PEI were

transferred in 1.75 mL media each and incubated for 5 min in separate tubes. After transfer of PEI to DNA and gentle mixing and in-

cubation for another 15 min at RT, the DNA- and PEI-Mix was added to cells and incubated for 4 h in a shaking incubator (standard

cultivation conditions with shaking at 115 rpm at 37�C with 5% CO2 and 80% humidity). Subsequently, transfected cells were fed

with 87.5 mL M11V3-media and incubated in a shaking incubator for seven days.

SecretedHis-tagged proteins from small-scale screeningwere purified from cell supernatant with affinity chromatography by grav-

ity flow on the bench, with Ni-NTA-Agarose (Qiagen, cat. # 30230), with a column volume of 0.5mL.Washes have been executed with

10CV of IMAC buffer (20 mM sodium phosphate buffer, 500mMNaCl) containing 20mM Imidazol, elution has been performed with 6

CV of IMAC buffer containing 500mM Imidazol, both at pH7.4. Buffer exchange into PBS pH7.4 has been done with several concen-

tration and dilution steps with Centrifuge Tubes Microsep Advance 10K, 516-0358, VWR. Protein integrity and purity were analyzed
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by SDS-PAGE and analytical SEC on Superdex 200 Increase 10/300 GL column, GE28-9909-44, with PBS, pH7.4 as running buffer,

on Agilent 1260 Infinity instrument.

The transfection protocol was scaled up proportionally for a 1L large-scale expression of a selection of ADA2-variants. These

supernatants were purified on an Äkta system (GE Healthcare), with a 5mL HisTrap HP prepacked column with Nickel Sepharose

(17-5248-02, GEHealthcare), using the same buffers as described for small scale but with gradient elution. Polishing of these proteins

on preparative SEC was done on a Superdex75 column, GE Healthcare, 28-9893-33, with PBS pH7.4.

Protein integrity and purity were analyzed by SDS-PAGE, analytical SEC on a Superdex 200 Increase 10/300 GL column,

GE28-9909-44, with PBS, pH7.4 as running buffer, on an Agilent 1260 Infinity instrument, and MS analysis. All proteins showed

low aggregation and an identical retention time.

For wild-type ADA2 and the ADA2 G47A mutant, inline multi-angle light scattering (MALS) was combined with SEC to confirm the

molecular weight of 127kDa of the recombinant protein resembling the mass of an ADA2 dimer. In brief, a Superdex 200 10/30 GL

column (GE HealthCare) was equilibrated with PBS (Sigma D8537), and samples were run on an Agilent 1200 HPLC system coupled

with Wyatt MALS instrumentation at a constant 0.5 mL/min flow. Human Macrophage colony stimulating Factor1-Receptor (aa

20–512), which comprises nearly the complete extracellular domain of hCSF1-Receptor (aa 20–517; UniprotKB-P07333, full-length

aa 1–972) and a His-tag, was expressed and purified as ADA2 using an IMAC column and used as a control.

Hereafter is reported a brief summary of the ADA2 mutant proteins described in patients with ADA-deficiency and tested in the

manuscript. In brackets is reported the paper where the variant has been originally described.

E328K (Keer et al,49 2016): The variant is localized in the catalytic domain. ADA2 activity in the patient’s plasma, measured using

HPLC [2] was 1.7 mU/ml, significantly below the level in healthy controls [mean (s.d.) 14 (6.1) mU/ml]. A variant affecting the same

amino acid (E328D) has been tested functionally in Lee et al,502020 and has shown no residual ADA activity.

G358R (Hashem et al,51 2017): The variant is localized in the catalytic domain. Reported in two different patients who underwent

HSCT in the original paper. The variant has also been tested functionally in Lee et al,502020 and has shown no residual ADA activity.

G47R (Zhou et al,11 2014): The variant is localized in the dimerization domain. This is a frequent variant reported in several papers

and individuals. The variant has also been tested functionally in Lee et al,502020 and has been shown to have less than 25% of re-

sidual ADA activity.

P344L (Caorsi et al,52 2017): The variant is localized in the catalytic domain. Reported originally in Caorsi et al,52 2017 in compound

heterozygosity (C.H) in two patients with different clinical phenotypes. The variant has also been tested functionally in Lee et al,502020

and has been shown to have approximately 50% of residual ADA activity.

P193L (Belot et al,53 2014): The variant is localized in the catalytic domain. It was reported in a patient in C.H. with the Arg169Gln in

a patient with an upregulation of interferon-stimulated gene transcripts in peripheral blood. To our knowledge, the variant has been

tested functionally only in our manuscript.

Mass spectrometric analysis of recombinant human ADA2
1 mg of protein was resuspended in 8M urea, 10 mM HEPES (pH 8), and 10 mM DTT. Alkylation was performed in the dark for 30 min

by adding 55 mM iodoacetamide (IAA). A two-step proteolytic digestion was performed. First, samples were digested at room tem-

perature (RT) with LysC (1:50, w/w) for 3h. Then, they were diluted 1:5 with 50 mM ammonium bicarbonate (pH 8) and digested with

trypsin (1:50, w/w) at RT overnight. The resulting peptidemixtures were acidified and loaded on C18 StageTips. Peptides were eluted

with 80%acetonitrile (ACN), dried using a SpeedVac centrifuge (Savant, Concentrator plus, SC 110 A), and resuspended in 2%ACN,

0.1% trifluoroacetic acid (TFA), and 0.5% acetic acid. Peptides were separated on an EASY-nLC 1200 HPLC system (Thermo Fisher

Scientific) coupled online to a Q Exactive mass HF spectrometer via a nanoelectrospray source (Thermo Fisher Scientific). Peptides

were loaded in buffer A (0.1% formic acid) on in-house packed columns (75 mm inner diameter, 50 cm length, and 1.9 mm C18 par-

ticles fromDr. Maisch, GmbH). Peptides were eluted with a non-linear 120min gradient of 5%–60%buffer B (80%ACN, 0.1% formic

acid) at a 250 nL/min flow rate and a column temperature of 50�C. Raw files were analyzed by MaxQuant software (version 1.5.3.54).

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE47 partner repos-

itory with the dataset identifier PXD019382.

FRET assay of wt and mutant human recombinant ADA2
ADA2 FRET assay of recombinant human ADA2 was measured by a commercial FRET assay (DNaseAlert, Thermo Fisher Scientific,

cat. # AM1970). In brief, 6 mL ADA2 solution at a final concentration of 10 mg/mL was incubated with 3 mL DNA substrate and 40 mL of

MIB super buffer 2 (Malonic acid: imidazole: boric acid in the molar ratios 2:3:3) or CHC super buffer 1 (Citric acid: HEPES: CHES in

the molar ratios 2:3:4) (Jena Bioscience CS-332- JBScreen Thermofluor Fundament) at the indicated pH and NaCl concentration.

ADA2-DNA interaction was measured every 2 min for 30 min with a fluorescent reader (Spectramax, excitation 535 nm and emission

575 nm). FRET activity was measured at 25 mg/mL.

ADA activity of wt and mutant human recombinant ADA2 proteins
Adenosine Deaminase (ADA) activity was measured by a commercial assay (Diazyme-DZ117A-K), which is specific for ADA and has

no detectable reaction with other nucleosides. 5 mL of ADA2 or control proteins were added to 180 mL of buffer R1 and incubated for

3 min at 37�C, then 90 mL of buffer R2 was added and the plate was incubated at 37�C for 20 min. The enzymatic activity was
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monitored by measuring the OD at 550 nm with a temperature-controlled fluorescent reader (Synergy H1 from Biotek). The kit was

calibrated with the internal ADA calibrator, which was in the kit specification’s expected range. A range of concentrations was

measured to describe the activity of the ADA2 recombinant proteins, and the EC50 value was calculated using Prism Software

(GraphPad).

Electrophoretic mobility shift assay (EMSA)
Oligonucleotide substrates (Table S1) were 50-end labeled using T4 polynucleotide kinase (New England Biolabs, cat. #M0201) and

[g-32P]ATP (3000 Ci/mmol, AmershamBiosciences). Double-stranded (ds) substrates were generated by annealing (65�C, 3min) the

labeled single-stranded (ss) oligonucleotide to a complementary strand. All substrates were gel-purified before use. In EMSA, ADA2

(wt or ADA2 mutant proteins; 0.2–1.5 pmol) and labeled substrates (10 fmol) were mixed in 25 mM sodium acetate (NaAc) pH 5.5 in

10 mL reaction volume. Samples were incubated on ice for 15 min, and DNA gel loading dye (6x) was added (Thermo Fisher Scientific

cat. #R0611). DNA-ADA2 complexes were separated from unbound substrates on 7% native polyacrylamide gels containing 2%

glycerol in 0.5x TBE at 120 V for 45 min on ice. Gels were dried and visualized by phosphorimaging (Amersham Typhoon IP), and

ImageQuant IQTL 8.2 was used for quantification (Cytiva). For the test of pH dependence, the buffer was 25 mM Tris-HCl pH 7.5.

DNA deaminase assay
DNA deaminase activity was measured using the labeled DNA substrates and amounts of recombinant ADA2 (WT or mutants) as

indicated in 25mMNaAc pH 5.5 in 10 mL reaction volume. Incubation was at 37�C for 40min or as shown in the figures, and reactions

were neutralized by adding 2 mL 0.1M Tris-HCl pH 9.3. Deoxyinosines were detected using in-house purified Escherichia coli (Ec)

EndoV. The EcEndoV open reading frame was cloned in pET28b (Novagen, cat. # 69865) in a frame with a c-terminal His-tag,

and the protein was purified by Ni-NTA affinity chromatography after expression in the E. coli strain ER2566 (New England Biolabs,

cat. #C2566). EcEdnoV (0.8 pmol) and 2.5 mL EcEndoV reaction buffer (final 10 mM Tris-HCl pH 8.5, 2 mMMgCl2, 50 mM KCl, 1 mM

DTT, 5% glycerol) were added to the reaction and incubated at 37�C for 15 min. Samples were added formamide loading dye (95%

formamide, 5 mM EDTA, 0.05% bromphenol blue, and 0.05% xylene cyanol), denatured at 60�C for 3 min, and the reaction products

separated on 20% polyacrylamide/urea gels at 200 V for 1 h in 13 taurine buffer. All experiments were performed at least 2–3 times,

and representative experiments are shown. The influence of pH on ADA2-mediated dT-to-dI activity was tested in NaAc buffer (pH

4.0–6.5) or Tris-HCl (pH 7.0). Gels were dried and visualized by phosphorimaging (Amersham Typhoon IP), and ImageQuant IQTL 8.2

was used for quantification (Cytiva).

DNA dot blot
Human recombinant ADA2 (25–100 fmol) was incubated with substrates (10 pmol) as indicated for 1 h in 25 mM sodium acetate pH

5.5 at 37�C in 5 mL reactions. Reactions were neutralized with 0.5 mL 100 mM Tris-HCl pH 9.3 and heat denatured at 60�C for 3 min

2.5 mL of the reaction was spotted onto a nitrocellulose membrane (Whatman Protran BA83) that was air dried before crosslinking

(120 mJ/cm2) the DNA to the membrane. Inosines in DNA were detected using an anti-inosine antibody (Medical and Biological Lab-

oratories; cat. # PM098, dilution 1:1000 in PBS with 5% nonfat dry milk), HRP-conjugated secondary antibody (Goat anti-rabbit IgG,

Vector laboratories cat. #P1-1000-1) and Supersignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific cat. #

34094). As a control of the specificity of the antibody, oligonucleotides with and without inosines were tested in dot blot. Despite be-

ing raised against inosines in RNA, the antibody recognized inosines in DNA oligonucleotides (ACTGGACAIITICTCCGAGG and

CCTCGGAGTITTTGTCCAGT), whereas a DNA oligonucleotide without inosine (GCTGGACAAATACTCCGAGG) gave no signal.

Nucleobases content in DNA by mass spectrometry
Oligonucleotides (150 fmol) were incubatedwith human recombinant ADA2 (hrADA2) (100 fmol) in 25mMammonium acetate (pH 5.5)

in 20 mL reaction volume for 45 min. Samples were heated at 80�C for 5 min before completely dried under vacuum. The samples’

deoxyinosine (dI) content was measured by liquid chromatography-mass spectrometry (LC-MS/MS). DNA was dissolved in 100 mM

deaminase inhibitor EHNA (Sigma-Aldrich cat. #E114) and hydrolyzed to nucleosides by 20 U benzonase (Santa Cruz Biotech cat. #

sc-391121B), 0.2 U nuclease P1 (Sigma-Aldrich cat. #N8630), and 0.1 U alkaline phosphatase (Sigma-Aldrich cat. #P5931) in 10 mM

ammonium acetate pH 6.0, and 1 mM MgCl2 at 40
�C for 40 min, added 3 volumes of acetonitrile and centrifuged (16 000g, 30 min,

4�C). The supernatants were lyophilized at�80�C tominimize spontaneous adenine deamination during drying and dissolved in 50 mL

water for LC-MS/MS analyses of dI, inosine, and unmodified nucleosides. Chromatographic separation was performed using an Agi-

lent 1290 Infinity II UHPLC system with a ZORBAX RRHD Eclipse Plus C18 150 3 2.1 mm ID (1.8 mm) column protected with a

ZORBAX RRHD Eclipse Plus C18 53 2.1 mm ID (1.8 mm) guard column (Agilent). For dI and inosine analyses, the mobile phase con-

sisted of water andmethanol (both added 10mMacetic acid) run at 0.25mL/min, startingwith 5%methanol for 0.5min, followed by a

4 min gradient of 5–90% methanol, and 4 min re-equilibration with 5% methanol. A portion of each sample was diluted to analyze

unmodified nucleosides, chromatographed isocratically with water/methanol/formic acid (80/20/0.1%). Mass spectrometric detec-

tion was performed using an Agilent 6495 Triple Quadrupole system with electrospray ionization, for DNA monitoring the mass tran-

sitions 251.1/135.1 (dI, negative mode), 252.1/136.1 (dA, positive mode), 228.1/112.1 (dC, positive mode), 268.1/152.1 (dG, positive

mode) and 243.1/127.1 (dT, positive mode), and for RNA monitoring 267.1/135.1 (I, negative mode), 268.1/136.1 (A, positive mode),

244.1/112.1 (C, positive mode), 284.1/152.1 (G, positive mode) and 245.1/113.1 (U, positive mode).
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DNA sequencing gel
Sequencing gels were the same 20% polyacrylamide/urea/taurine gels as the ones described in the deamination assay section, but

they were run at 35 W for 1 h. The gels were dried, and radiolabeled fragments were visualized as above.

DNA deaminase competition assay
In the competition assays, competitors and ADA2 were preincubated on ice for 5 min in 25 mM NaAc pH 5.5 before the labeled DNA

substrate was added, as described in the deamination assay section. Incubation continued at 37�C for 30 min before neutralization

and treatment with EcEndoV as above. The following competitors were used: adenosine, deoxyadenosine, A-DNA (oligo IITI | 24522

of Table S1), non-A-DNA (oligo | 24793 of Table S1), deoxycoformycin (Sigma-Aldrich, cat. # 116860). All experiments were per-

formed at least 2–3 times, and representative experiments are shown.

RNA deaminase assay
Oligonucleotide substrates (Table S1) were 50-end labeled using T4 polynucleotide kinase (New England Biolabs, cat. #M0201) and

[g-32P]ATP (3000 Ci/mmol, Amersham Biosciences). Subsequently, RNA deaminase activity was measured using the labeled RNA

substrates and amounts of recombinant ADA2 (wt or mutants) as indicated in 25 mM NaAc pH 5.5 in 10 mL reaction volume. Incu-

bation was at 37�C for 40 min or as shown in the figures, and reactions were neutralized by adding 2 mL 0.1M Tris-HCl pH 9.3. Detec-

tion of inosines was done using in-house purified human EndoV. Protein was expressed and purified as described in Vik E.S. et al. Nat

Commun 2271 (2013). hEndoV (0.8 pmol) and 2.5 mL EndoV reaction buffer (final 10 mM Tris-HCl pH 8.5, 2 mM MgCl2, 50 mM KCl,

1 mM DTT, 5% glycerol) were added to the reaction and incubated at 37�C for 15 min. Samples were added formamide loading dye

(95% formamide, 5 mM EDTA, 0.05% bromphenol blue, and 0.05% xylene cyanol), denatured at 60�C for 3 min, and the reaction

products separated on 20% polyacrylamide/urea gels at 200 V for 1 h in 13 taurine buffer.

TLR9 activation via HEK TLR9-SEAP reporter cells
Human TLR9 reporter HEK 293 Cells (NF-kB), cat. # hkb-htlr9 were cultured as described above and stimulated according to the

recommendations of the manufacturer’s protocol. Briefly, cells were detached and resuspended in warm PBS, counted, resus-

pended (80.000 cells/180 mL of HEK-Blue Detection medium) and mixed with 20 mL of different stimuli (Oligos) at different concen-

trations as indicated in the respective figures and incubated overnight. TLR9 activation was measured with HEK-Blue Detection cell

culturemedium. Secreted embryonic alkaline phosphatase (SEAP) activity was determined bymeasuring optical density (OD) at 620–

655 nm.

ADA2 expression and TLR7 and TLR9 activation via HEK 7/9-UNCB93B1 reporter cells
The 293XL/hTLR7-HA and 293XL/hTLR9-HA cell lines (Invivogen) both expressing humanUNC93B1-mCitrine27 +1WTwere plated at

20.000 cells/100mL in a 96-well plate. Once adherent, they were transiently transfected with 25ng pLenti-IRES-GFP-Puro or pLenti-

ADA2-IRES-GFP-Puro as indicated using Mirus-LT1 according to the manufacturer’s instructions. 20h after plasmid transfection,

cells were stimulated with 1 mg/mL R848 or 10mg/mL of E.coli DNA, CpG2006, CpG2216 or 9.2sRNA complexed with 5mL DOTAP

for 10 min. After 16h, cellular supernatants were harvested for ELISA. The day of stimulation cells were detached and resuspended

in warm PBS, counted, resuspended (80.000 cells/180 mL of HEK-Blue Detectionmedium) andmixedwith 20 mL of different stimuli at

different concentrations (Oligos) as indicated in the respective figures and incubated overnight. TLR9 activation was measured by

quantifying IL8 production by ELISA.

Lentivirus transduction of HEK-Blue hTLR9 reporter cells with ADA2 or empty vector
Lentivirus were produced by transfecting HEK293 T cells with psPAX2, pMD2.G and pLenti-ADA2-IRES-GFP-Puro or pLenti-ADA2-

IRES-GFP-ADA2-Puro (Amount per 10 cm dish, respectively 1.3 pmol, 0.72 pmol, 1.64 pmol). Plasmids were transfected by diluting

the plasmids in 1 mL Opti-MEM containing a ratio of 1:3 between DNA and PEI (1 mg/ml). The transfection mix was added to

HEK293T packaging cells and incubated 18hrs. After incubation themediumwas removed and replacedwith 15mL of freshmedium.

Supernatants containing virus was harvested at 48 and 72 h, centrifuged at 500 g for 5 min and filtered through 0.45 mm filter. Sub-

sequently, the supernatants were transferred to HEK Blue hTLR9 reporter cells and incubated for 16 h in a humidified incubator in an

atmosphere of 5–7% CO2. After this time, the media containing lentiviral particles was removed and substituted with fresh medium.

The efficiency of transduction was monitored by measuring GFP expression using flow cytometry. GFP-positive cells were FACS

sorted, and the expression of ADA2 was evaluated by Western Blot.

Measurement of type-I IFN production with IFN-a/b reporter HEK 293 cells from PBMCs
The day of measurement, HEK-Blue IFN-a/b cells were detached, diluted to a concentration of 280.000 cells/ml, and subsequently

seeded in a flat-bottomed 96-well plate at 50.000 cells/well density. To generate a standard curve, a series of 10-fold dilutions of

recombinant human IFN-ɑ was prepared with an initial concentration of 2 mg/mL. The cells were then incubated for 24 h with either

20 mL of the supernatant of the stimulated cells or with the recombinant human IFN-a overnight at 37�C. Each experimental condition

was carried out in triplicate. After incubation, the QUANTI-Blue solution was prepared according to the manufacturer’s instructions,

and 20 mL of the supernatants from the HEK-Blue IFN-a/b mixed with 180 mL of the QUANTI-Blue solution and incubated for
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30–40 min at 37�C. The levels of SEAP, which served as an indicator of IFN production, were measured by spectrophotometry at a

wavelength of 620 nm.

Measurment of type-I IFN production in PBMCs
PBMCs were isolated from healthy donors and resuspended in RPMI medium supplemented with 10% FBS and 100U/ml P/S and

subsequently seeded into round-bottomed 96-well plates (90.000 cells/well in a final volume of 100 mL). Cells were stimulated over-

night with CpG (final concentration 3 mg/mL) or CpI (final concentration 3 mg/mL) or CpA (final concentration 3 mg/mL) or CpC (final

concentration 3 mg/mL) or PolyIC (final concentration 1 mg/mL). After stimulation 20 mL of the supernatants were used to measure

type-I IFN production with IFN-a/b reporter HEK 293.

Immune stimulation of PBMCs
Blood was obtained from DADA2 patients or age and sex-matched healthy donors in EDTA tubes. PBMCs were prepared by centri-

fugation on a Pancoll gradient (PAN Biotech, Pancoll human cat. #P04-60500). Cells were seeded in 96 well round bottom plate (106

cells/well) in 200 mL of RPMI containing 10% heat inactivated fetal bovine serum, 100 U/ml penicillin, 100 mg/mL streptomycin and

stimulated overnight with CpG2216 (10 mg/mL), or CpG2006 (10 mg/mL), or 9.2sRNA (2 mg/mL). Supernatants were harvested after

16h of stimulation for the quantification of TNF or IFN-a by ELISA.

Measurement of type-I IFN production in dendritic cells (DCs)
Blood was obtained from DADA2 patients or age and sex-matched healthy donors in EDTA tubes. PBMCs were prepared by centri-

fugation on a Pancoll gradient (PAN Biotech, Pancoll human cat. #P04-60500). Plasmacytoid dendritic cells (pDCs) were sorted as

viability-dy BV 510-, lineage (CD3-FITC, CD14-FITC, CD16-FITC, CD19-FITC)-, HLA-DR-APC+, CD11c-BV421dim, CD4-PEhigh, con-

ventional DC (cDCs) as lineage (CD3-FITC, CD14-FITC, CD16-FITC, CD19-FITC)-, HLA-DR-APC+, CD11c-BV421+, CD4-PEdim. Cells

were seeded in 96 well V bottom plate (500 cells/well) and stimulated overnight with CpG 2216 (5 mM). The day after 20 mL of the

supernatant of the stimulated DCs the supernatants were used to measure type-I IFN production with IFN-a/b reporter HEK 293.

Measurement of type-I IFN production in PBMCs ls upon stimulation with PLA conjugated DNA
Blood was obtained from DADA2 patients or age and sex-matched healthy donors in EDTA tubes, and PBMCs were prepared by

centrifugation on a Pancoll gradient (PAN Biotech, Pancoll human cat. #P04-60500). Cells were seeded in 96 well V bottom plates

(90.000 cells/well in a final volume of 100mL). Oligo 259 and 260 (Table S1) were annealed and complexed with PLA (Sigma cat #P

4663) at a ratio of 1mg DNA/1.2 mL PLA in PBS (0.4 mg dsDNA, 0.6mL PLA and 30mL of PBS for each well) and incubated 30 min at RT.

After incubation, the DNA was added to the cells and incubated at 37�C for 17 h. The day after the production of type-I IFN was

measured using HEK-Blue IFN-a/b reporter cells as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with GraphPad Prism 8. The tests performed for statistical analyses are indicated in the respec-

tive figure legends.
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