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Nucleic acid therapeutics, including mRNA vaccines, genome
editors, and viral vectors, are constrained by acute innate reac-
togenicity that limits dosing flexibility, tissue targeting, and
safety. Here, we identify a conserved early innate inflamma-
tory program, peaking approximately 6 h after administra-
tion, that governs reactogenicity across mRNA-formulated
lipid nanoparticles (LNPs), adenoviral vectors, and AAV9. Us-
ing pharmacological and biochemical probes, we show that
this program is driven predominantly by nucleic acid cargo
sensing, rather than lipid components, and is mechanistically
separable from antigen expression, adaptive immune priming,
and in vivo genome-editing efficacy. Selective modulation of
this early cytokine burst achieved here using endosomal nu-
cleic acid-sensing suppressors markedly reduces reactogenic-
ity in multiple mouse models while preserving humoral and
cellular immunity to mRNA vaccines, maintaining transgene
expression, protecting blood-brain barrier integrity during
stereotactic AAV9 delivery, and mitigating LNP-associated
hepatotoxicity and thrombocytopenia. These findings define
a unifying innate-sensing architecture for nucleic acid thera-
peutics and establish that reactogenicity is not required for
effective vaccination or gene delivery, enabling a broadly
applicable strategy to widen the safety window of mRNA med-
icines, viral vectors, and in vivo genome editing.

INTRODUCTION

Nucleic acid (NA)-based therapeutics have progressed from early
concepts of gene replacement’ to a clinically validated modality
spanning prophylactic vaccines,” oncology,” and genome editing
for rare and common diseases.* The widespread deployment of
mRNA-lipid nanoparticle (LNP) vaccines during the COVID-19
pandemic™®
interest in using NA platforms for both acute and chronic indica-
tions. Despite these gains, innate immune sensing of exogenous

and renewed advances in viral vectors have accelerated

RNA and DNA remains a central barrier to the safety, tolerability,
and dosing flexibility of NA medicines.

Therapeutic NAs are recognized as pathogen-associated molecular
patterns by pattern-recognition receptors (PRRs) located in endo-
somes (TLR3/7/ 8/9)7’9 and the cytosol (RIG-I, MDAS5, cGAS-STING,
AIM2, and NLRs).*" These receptors detect RNA and DNA motifs
and trigger inflammatory cytokines, chemokines, and type I IFNs,
producing a rapid innate response associated with fever, malaise,
myalgia, and, in some settings, organ-specific toxicity."' '* While a
calibrated innate response may aid vaccine adjuvanticity, excessive
or poorly timed activation reduces tolerability, restricts repeat dosing,
and can directly impede mRNA translation and stability."”

Extensive engineering, such as sequence optimization, high-purity
manufacturing, modified caps, and nucleoside analogs such as
N1-methylpseudouridine (N1-mW¥),"*'” has reduced but not elimi-
nated NA sensing. Clinically, even chemically modified mRNA/
LNPs cause transient systemic inflammation'"'*'®; unmodified
mRNA is substantially more reactogenic; and viral vectors can
induce local or systemic inflammation, including blood-brain barrier
(BBB) perturbation after intracerebral administration.'”*’ These lia-
bilities are particularly constraining in high-exposure settings, repeat
dosing, and vulnerable tissues such as liver and brain.

Endosomal NA-sensing suppressors, including the clinically estab-
lished 4-aminoquinolines (e.g., hydroxychloroquine [HCQ]), are
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Figure 1. Introduction of mRNA into human cells and mice induces a conserved transient inflammatory spike

(A) PBMC (107 cells/mL) electroporation scheme with different mRNA variants (1 ug; firefly luciferase reporter; indicated cap/chemistry). (B and C) Secreted IL-6 (B) and IFNy
(C) at 24 h (n = 3 donors) determined by ELISA. (D and E) Intramuscular LNP-mRNA (5 pg/animal, coding for firefly luciferase) in mice produced a cytokine peak at ~6 h that
resolved by 24 h; mouse CCL2 (D) and IL-6 (E) determined in sera by blood draw at depicted time points (1 = 3 mice/group). Statistical significance was evaluated by two-way

ANOVA with Tukey’s comparison test (statistical analysis, see Table S2).

widely used, orally bioavailable agents on the WHO essential medi-
cines list.”' They reduce NA-PRR engagement through endosomal
alkalinization, impaired proteolytic maturation of TLRs, and direct
interactions with NAs, thereby limiting receptor accessibility.”>**
These properties suggest that endosomal NA-sensing suppressors
could, in principle, attenuate early reactogenicity across NA delivery
platforms without broadly suppressing adaptive immunity.

Here, we test whether selective modulation of early innate NA
sensing can enhance the safety of NA therapeutics while preserving
efficacy. We evaluate 4-aminoquinolines in the context of mRNA/
LNP vaccines, adenoviral vectors, AAV9-mediated CNS gene deliv-
ery, and therapeutic mRNA and genome-editing applications. We
show that suppressing the early inflammatory spike reduces cytokine
surges, rescues LNP-induced hepatotoxicity and thrombocytopenia,
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and prevents BBB disruption following stereotactic AAV9 (adeno-
associated virus 9) delivery. Importantly, antigen expression,
neutralizing titers, CD8" responses, and in vivo editing remain intact,
demonstrating that reactogenicity is mechanistically separable from
efficacy. These findings point to an immediately implementable
strategy to broaden the therapeutic window of NA-based medicines.

RESULTS

A conserved, transient inflammatory burst follows NA delivery
We first mapped innate immune responses to mRNA, varying in cap
structure and chemical modification. In human peripheral blood
mononuclear cells (PBMCs) electroporated with uncapped, cap-0,
or cap-1 transcripts + NI-m¥ (Figure 1A), cap-0 mRNA elicited
the highest IL-6 and IFNy, followed by cap-0 N1-m¥ mRNA and
uncapped mRNA. The cap-1 and cap-1 N1-m¥ mRNA produced
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substantially lower but still detectable signals (Figures 1B and 1C).
Time-course analysis showed cytokines rising by 3 h, peaking at
~24 h for IFNy and at 10 h for IL-6 after electroporation, and dimin-
ishing by 48 h for IL-6, whereas IFNy was still measurable after 48 h
for most mRNA variants. To capture physiological NA delivery, we
formulated the same transcripts in LNPs and injected mice with
LNPs intramuscularly. Serum IL-6 and CCL2 surged at ~6 h and
returned to baseline by 24 h (Figures 1D and 1E). Similar to
PBMCs, cap-0 mRNAs were highly reactogenic, whereas uncapped
mRNAs gave the highest CCL2 response in animals, yet the highest
IL-6 cytokine peak was observed for the LNPs delivering cap-0
mRNA. N1-m¥-modified and cap-1 mRNAs produced a smaller
yet still substantial spike. The conserved ~6 h peak suggested a
shared early innate program triggered across modalities and delivery
routes. Vehicle and empty LNPs produced negligible cytokine
changes at matched volumes.

Endosomal NA-sensing suppressors blunt inflammation and
preserve adaptive immunity to mRNA vaccines

We next assessed whether 4-aminoquinoline-based endosomal
NA-sensing suppressors directly interact with NAs and LNP vaccine
particles. We showed previously that chloroquine (CQ) and other
imidazoquinolines inhibit activation of endosomal TLRs through
interaction with NAs.”> HCQ binds to the minor groove of DNA
or by intercalation, depending on concentration.”* Binding of
HCQ to different types of RNAs, DNAs, and NA delivery particles
(LNP mRNA-based vaccine and adenovirus DNA-based vaccine)
was tested by intrinsic fluorescence and competition with propidium
iodide (PI) (Figure SI1). As LNPs emerged as efficient delivery
vehicles for NAs,> the effect of HCQ was studied also on mRNA,
encapsulated into LNPs, to assess its interaction with the formulation
and its effect on LNP integrity. Titration revealed a concentration-
dependent decrease of HCQ fluorescence intensity upon the addition
of double-stranded DNA (dsDNA) (Figure S1C). Competition with
PI demonstrated that HCQ competes for binding to dsDNA
(Figure S1D). Interaction of HCQ was observed with both dsRNA
and single-stranded RNA (ssRNA) (Figures SIE and SIF).
In contrast, addition of both empty and mRNA-containing LNPs
resulted in increased HCQ fluorescence (Figures SIG and S1H),
indicating that HCQ also associates with the LNP carrier and that
this interaction cannot be attributed specifically to the encapsulated
mRNA. We additionally observed an increase in fluorescent in-
tensity of HCQ (1 mM) after the gradual addition of AZD1222, a
DNA-based adenoviral vaccine, or LNP-mRNA-based BNT162b2,
a COVID vaccine® (Figures S1I and S1J). Dynamic light scattering
confirmed that adding these agents to LNP formulations preserved
particle size and polydispersity, indicating no disruption of the
delivery vehicles (Figures SIK-S10). Together, these results demon-
strate direct interaction of HCQ with NAs and an association with
the LNP carrier.

In PBMCs, endosomal NA-sensing suppressors markedly reduced
IFNY after electroporation of diverse mRNAs. Under the same con-
ditions, bafilomycin Al (BafAl), an endosomal acidification inhibi-

tor,”® mostly did not suppress cytokine production, consistent with
cytosolic entry bypassing endosomes. Importantly, the effect of
HCQ was retained when mRNA was delivered directly into the
cytosol in the absence of LNPs, demonstrating that its anti-inflam-
matory activity is not dependent on interaction with the lipid carrier
and, together with the direct NA-binding experiments, is consistent
with a contribution of direct NA interaction to the observed effect
(Figures S2A-S2E). In mice, co-formulating these suppressors with
LNP/mRNA strongly reduced the 6 h cytokine burst (Figures S2F-
§20). Additionally, pharmacological congeners (CQ and quinacrine
[Q]) produced similar cytokine reductions (IL-6) in PBMCs, electro-
porated with different fLUC (firefly luciferase) mRNAs (Figure S2P),
suggesting a class effect among 4-aminoquinolines.

We next inquired if the addition of 4-aminoquinolines could nega-
tively influence the translation of the protein of interest. By measuring
the bioluminescence signal in electroporated PBMCs, we found that
HCQ treatment did not negatively affect protein synthesis under the
tested conditions (Figure S3A; Table S2). Although CQ and Q reduced
protein expression under specific conditions, these compounds were
not used in subsequent experiments, which focused specifically on
HCQ (Figure S3A; Table S2). An LDH (lactate dehydrogenase) assay
confirmed the lack of influence of pharmacological congeners on cell
viability (Figure S3B). The same approach for determining targeted
protein translation by measuring bioluminescence was applied in vivo.
In all animals, we determined that the addition of HCQ does not
impair fLUC protein translation of different variants of mRNA deliv-
ered via LNPs (Figure S3C). Finally, we performed an in vitro transla-
tion assay and yet again confirmed the lack of influence of HCQ on
protein translation (Figure S3D).

We next evaluated clinically relevant mRNA vaccines. BNT162b2
induced the characteristic ~6 h cytokine peak in PBMCs that
was also observed after 24 h (Figure S4A). The same IL-6 and
CCL2 ~6 h burst was also observed in mice, which were given the
COVID-19 vaccine intramuscularly (Figures S4B and $4C).
Endosomal NA-sensing suppression substantially reduced IL-6 and
CCL2 in mice (Figures S4B and S4C), as also shown for human cells.
In PBMCs exposed to BNT162b2, the addition of BafA1 also lowered
cytokines, consistent with the endocytic uptake route (Figure S4A).
Similar to HCQ, CQ and Q significantly reduced IL-6 cytokine in
PBMCs upon BNT162b2 treatment, suggesting a potent role of
4-aminoquinolines in NA-induced inflammation (Figure S4D).

To test a more stringent condition, we immunized mice with un-
modified cap-0 spike mRNA/LNP, which is more reactogenic
than N1-m¥ mRNA. Suppression of the cytokine peak was potent
at both prime and boost (Figures S4E-S4J) in animals that received
a co-formulation of spike mRNA/LNPs and HCQ, and the titers
of spike-specific IgG were unchanged, whereas we observed a
slight reduction in CD8" cytotoxicity against spike-pseudovirus-
infected targets (Figures S4K-S4M). Spectral flow cytometry of
spleen cells, isolated from the spleen of immunized animals on
day 42, confirmed similar frequencies of activated CD44", CD8",
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and B cell subsets (CD86"#"MHCII"8" and CD62LM8"MHCII"8")
(Figures S4N and S40).

For BNT162b2, we compared LNP/mRNA co-formulation with
administration 24 h before vaccination (prophylaxis) in vivo; there-
fore, mice were injected with HCQ 24 h prior to the BNT162b2
immunization (HCQ-pre), whereas another group of animals
received a co-formulation of HCQ and BNT162b2, meaning that
vaccine and suppressor were mixed into a single injection, given
intramuscularly (BNT162b2+HCQ). This was done on day 0 (prime
dose), which was repeated with a boost dose (21 days after the first
dose). Blood was taken 6 and 24 h post-immunization. On day 42,
the animals were sacrificed, and samples were subjected to further
analysis (Figure 2A). Both regimens reduced IL-6, CCL2, and IFNy
at prime and boost (Figures 2B-2G), with co-formulation
providing the most pronounced suppression. Endpoint spike-bind-
ing titers remained unchanged (Figure 2H). Neutralization ICsq
values of live SARS-CoV-2 virus by immunized mice, which
received a single co-formulation, were lower compared to vac-
cine-injected mice only when the HCQ was given as prophylaxis
(Figures 2I and S5). Multiplex analysis confirmed broad reductions
in eotaxin, G-CSF, IFNy, IL-5, IL-6, IL-12p40, KC, MCP-1, MIP-
la/p, and RANTES at 6 h (Figures 2], S6A, and S6B).

Performing a co-culture assay of SARS-CoV-2 pseudovirus-infected
NIH 3T3 cells with spleen CD8a" isolated T cells from fully immu-
nized animals, the cytotoxicity was tested, which was also higher
for animals that received HCQ (Figures 3A-3D). Cytometry analysis
of bulk spleen cell suspension revealed an increase of CD4" T cells in
all immunized animals. The CD8" population was also increased in
HCQ-pre groups, whereas we observed a lower number of cytotoxic
T cells in animals that received a co-formulation of vaccine and
HCQ. Flow cytometric analysis demonstrated that the overall fre-
quency of B cells remained comparable across all experimental
groups. Likewise, the proportion of MHCII"®" B cells, representing
B cells with a prominent antigen-presenting phenotype, was not
significantly altered following BNT162b2 immunization, either alone
or in combination with HCQ. The frequency of MHCII"8"CD3g"¢"
B cells, corresponding to mature antigen-presenting B cells, was
maintained across all immunized groups and showed a modest
increase in animals receiving BNT162b2 together with HCQ. In
contrast, the frequency of CD38"8" B cells, representing mature
non-germinal-center B cells, displayed greater inter-animal vari-
ability without consistent differences between treatment groups.
Similarly, the CD24™*'MHCII},;4,CD38"¢" B cell population, consis-
tent with mature antigen-presenting B cells, remained abundant and
comparable across all experimental groups (Figures 3E-3G and S6C).

Bulk RNA sequencing (RNA-seq) of draining lymph nodes (Figure
3H) and peri-injection muscle (Figure 3]) at 3 h post-injection to
determine the early transcriptomic changes® (Figure S6D) revealed
distinct innate activation signatures in vaccine-only animals, which
were selectively dampened by NA-sensing suppression, seen in lymph
nodes (Figures 3H-3], 3L, and S6E) and in muscles (Figures 31-3K
and 3M). BNT162b2 vaccination induced distinct innate immune
activation in both tissues, with a prominent RNA-sensing and
IFN-responsive signature in lymph nodes (Figure 3L) and a strong
IFN-stimulated and local inflammatory response at the infection site
(Figure 3M). In the lymph nodes, RNA-sensing genes included
upregulation of TIr3, Tlr7, Ddx58 (Rig-1), Ifihl (Mda5), and Myd88
with robust changes in IFN response, including Irf7, Ifitl, Ifit3,
Isgl5, and MxI. The response was attenuated by HCQ treatment,
although substation induction persisted following HCQ pretreatment.
cGas and Stingl were also induced; however, these changes are inter-
preted as cGAS-STING transcriptional response rather than evidence
of primary pathway activation. In peri-injection muscle, BNT162b2
elicited a pronounced local inflammatory response, also driven by
IFN-stimulated genes, including Ifit], Ifit2, Ifit3, Isgl5, Mx1, CxclI0,
Ccl2, and 1I6 (Figure 3M). Addition of HCQ blunted the magnitude
of several of these responses, with prophylaxis showing intermediate
effects (Figures 3L and 3M). Clinical blood markers of immunized
animals remained unchanged (Figure S6F).

As the adaptive immune response matures over time, we next
investigated whether HCQ co-administration could adversely
affect the long-term development of vaccine-induced immunity.
To address this, mice were immunized using the same prime-boost
regimen with a co-formulation of BNT162b2 and HCQ, and the
study was extended to 84 days following the primary immunization
to enable long-term assessment of adaptive immune responses. In
addition, a separate cohort of mice was euthanized on day 42, cor-
responding to the original study endpoint, to allow direct compar-
ison between the short- and long-term immune responses. Finally,
an additional group of animals was included in which BNT162b2
and HCQ were administered into contralateral hindlimbs to deter-
mine whether spatial separation of the two components preserves
the anti-inflammatory effect of HCQ while minimizing potential
effects on vaccine immunogenicity (Figure S7A). Again, reduced
cytokine levels were observed in animals receiving the co-formula-
tion of the vaccine and HCQ. Importantly, contralateral adminis-
tration of HCQ likewise significantly decreased mIL-6 and mIFNy
levels after both the prime and booster immunizations (Figures
S7B-S7G), demonstrating that the anti-inflammatory effect of
HCQ is maintained even when administered separately from the
vaccine and therefore does not require physical co-formulation

Figure 2. Endosomal nucleic acid-sensing suppression attenuates BNT162b2 reactogenicity without compromising humoral immunity

(A) Immunization scheme for BNT162b2 intramuscular immunization (4 pg) at days O (prime dose) and 21 (booster dose); suppressor (HCQ; 60 mg/kg body weight) co-
formulated with BNT162b2 or given 24 h prior (as a prophylaxis). (B-G) Mouse serum IL-6, CCL2, and IFNy, determined by ELISA at 6/24 h after prime (B-D) and boost (E-G)
dose. (H) Endpoint anti-Spike IgG titers (prime and boost). (I) Live SARS-CoV-2 neutralization (ICso) by mouse sera obtained from immunized animals. (J) Multiplex che-
mokine/cytokine panel at 6 h post-immunization (n = 6). Graphs present mean values + SEM. Each dot represents a value obtained from an individual animal (n = 6). p < 0.05,
**p < 0.01, **p < 0.001, and ***p < 0.0001. All p values are from ordinary one-way ANOVA followed by Tukey’s multiple comparisons test.
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or spatial co-localization of the two components. This is consistent
with the extensive systemic tissue distribution and lysosomal accu-
mulation of HCQ*®*’ and with the drainage of mRNA-LNP vac-
cines to draining lymph nodes and secondary lymphoid organs
beyond the injection site,’”" where both components can converge
within the endosomal compartments of antigen-presenting cells.
Anti-spike IgG endpoint titers (EPTs) were comparable across all
groups receiving HCQ. Although a modest reduction in antibody
titers was observed in the group receiving HCQ via contralateral
hindlimb administration, this difference did not reach statistical
significance compared to the vaccine-only group (Figure S7H).
Endpoint analysis of splenocytes collected on day 42 revealed com-
parable frequencies of activated CD44" CD4" and CD8" T cells
across all groups, indicating similar generation of antigen-experi-
enced T cell populations following immunization (Figures S7I
and S7J). Likewise, the frequencies of CD19"CD86" B cells were
comparable between groups, demonstrating that HCQ did not
impair B cell activation induced by vaccination (Figure S7K). To
determine whether HCQ affects the long-term development of
adaptive immunity, a second cohort of animals was analyzed
84 days after primary immunization while following the same
prime-boost vaccination regimen as the short-term cohort. As
expected, circulating cytokine levels returned to baseline by the
study endpoint (Figures S7L-S7N). Importantly, anti-spike IgG
EPTs remained robust and comparable across all experimental
groups (Figure S70). Likewise, the frequencies of activated
CD44" CD4* and CDS8"'T cells, as well as CD19"CD86" B cells,
were similar between groups (Figures S7P-S7S), demonstrating
that HCQ co-administration does not compromise the long-term
development of either cellular or humoral immunity. Together,
these results indicate that the pronounced early inflammatory
spike is not required for effective priming and that selective sup-
pression of early sensing preserves antigen expression and adaptive
immunity.

Mechanistic characterization of HCQ-mediated selective
suppression of NA sensing

To define the potential mechanism underlying HCQ-mediated
suppression of NA-induced inflammation, we investigated whether
HCQ acts by directly inhibiting innate immune signaling pathways
or by preventing immunostimulatory NAs from engaging their
cognate PRRs. Human PBMCs were therefore stimulated with
BNT162b2 vaccine or various agonists, selectively activating

distinct innate immune pathways. Consistent with our previous
observations, not only did BNT162b2 induce robust secretion of
IL-6, CCL2, and IFNy, but we also observed an induction of IL-8,
TNFa, and IFN(, all of which were significantly attenuated by
HCQ treatment (Figures S8A-S8E). Importantly, HCQ failed to
suppress cytokine production induced by the non-NA TLR7/8
agonist R848 or the direct STING agonist cGAMP, indicating
that its anti-inflammatory activity is not mediated by broad inhibi-
tion of innate immune signaling but rather by selective interference
with NA sensing. In contrast, HCQ efficiently reduced cytokine
responses elicited by polyl:C, a synthetic dsRNA analog that re-
quires NA recognition for immune activation, further supporting
the mechanism based on shielding of immunostimulatory NAs
(Figures SSA-S8E). To further investigate whether early inflamma-
tory cytokines actively contribute to the downstream reactogenic
cytokine network, IL-6 and IFNy were individually neutralized
during BNT162b2 stimulation of human PBMCs. As expected,
anti-IL-6 and anti-IFNy antibodies efficiently depleted detectable
IL-6 and IFNy from culture supernatants (Figures S8F and S8G).
Importantly, neutralization of either IL-6 or IFNy significantly
reduced CCL2 secretion (Figure S8H), consistent with previous
reports describing interactions between IL-6, IFNy, and CCL2
signaling pathways.”>”” These findings provide functional evidence
that both cytokines contribute to the amplification of the early
inflammatory response induced by mRNA/LNPs rather than
merely serving as correlative biomarkers of innate immune activa-
tion. In order to determine whether HCQ modulates early innate
immune signaling, we employed a dual-reporter A549 cell line ex-
pressing secreted embryonic alkaline phosphatase (SEAP) under
the control of NF-kB-responsive elements and Renilla luciferase
(rLUC) under the control of an IRF3-responsive promoter, two
principal signaling pathways downstream of innate NA sensing.
While HCQ did not significantly reduce NF-xB- or IRF3-depen-
dent reporter activity, a consistent reduction in both SEAP
and rLUC signals was observed following co-treatment with
BNT162b2 or the NA agonist polyl:C. In contrast, HCQ had no
detectable effect on reporter activation induced by the direct
STING agonist cGAMP (Figures S8I and S8J).

Prompted by the observed trend toward reduced SEAP and rLUC
reporter activity, we next investigated activation of the NF-xB
and IRF3 signaling pathways in human PBMCs stimulated with
BNT162b2. Immunoblot analysis demonstrated rapid activation

Figure 3. Adaptive T cell responses remain intact, while early innate signaling programs are selectively dampened

(A) Cytotoxic T cell killing, isolated from prime- and boost-immunized mice (depicted in Figure 2A at day 42) spleens, against cells expressing viral S protein. The cytotoxic
effect of isolated vaccinated mouse spleen CD8a™ T cells was determined on pseudovirus-infected hACE2 and TMPRSS2-transfected NIH 3T3 cells. Bioluminescence was
determined 24 h post-co-culture of murine spleen cells with NIH 3T3 cells. Based on radiance values obtained from pseudovirus infection, specific lysis of NIH 3T3 cells was
calculated. (B-D) CD8*-specific cytolysis (B) and mouse IL-2 (C) and IFNy (D) production from co-cultures of immunized mouse splenocytes with spike-pseudovirus-infected
targets. (E-G) Spectral flow cytometry of splenocytes (CD4*, CD8", MHCIIh‘Q“CDSShigh) on day 42, isolated from the immunized animals. (H and I) Enhanced volcano plots of
differentially expressed genes in lymph nodes (H) and muscle (I), where the RNA for bulk RNA-seq was isolated from the tissue, 3 h post-immunization. (J and K) Over-
representation analysis of upregulated pathways for lymph nodes (J) and muscles (K). (L and M) Heatmap of pathway genes for lymph nodes (L) and muscle samples (M).
Each dot represents a value obtained from an individual animal (n = 6). *p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001. All p values are from ordinary one-way ANOVA

followed by Tukey’s multiple comparisons test compared to blank.
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of both pathways following vaccine stimulation, as evidenced by
increased phosphorylation of NF-kB (pNF-kB) and IRF3 (pIRF3)
within 15-30 min after stimulation (Figure S9A). Co-administra-
tion of HCQ markedly attenuated phosphorylation of both
signaling molecules. Quantification of band intensities confirmed
a substantial reduction in the ratios of pNF-kB and pIRF3 relative
to total protein at the early time points following stimulation
(Figure S9B).

Because endosomal acidification is required for the maturation
and activation of endosomal NA-sensing receptors, including
TLR3, TLR7, and TLRY, we next investigated whether HCQ alters
endosomal pH, as this is also one of the proposed mechanisms
of HCQ.** HEK293 cells were co-labeled with low-molecular-
weight dextran dyes: a pH-sensitive fluorophore, FITC-dextran,
whose fluorescence increases with increasing pH, and Alexa
Fluor 647 (AF647)-dextran, which serves as a pH-insensitive
reference signal. Endosomal pH was therefore quantified using
the ratio of both dyes’ fluorescence within individual endo-
somal regions of interest (ROIs) identified by automated image
analysis (Figure S10A). HCQ treatment significantly reduced
the FITC/AF647 fluorescence ratio compared with untreated cells
(Figure S10B), indicating reduced endosomal acidification and a
relative increase in endosomal pH. Together, these data support
a model in which HCQ elevates endosomal pH, thereby limiting
NA sensing and selectively reducing NA-driven inflammatory
signaling without broadly suppressing downstream immune
pathways.

Mitigation of adenoviral vector reactogenicity with preserved
efficacy

Because HCQ binds NAs, we next investigated whether it could
similarly mitigate the innate inflammatory response elicited by
the chimpanzee adenoviral vector vaccine AZD1222”° without
compromising vaccine-induced immunity. Mice were immunized
using a prime-boost regimen with an 8-week interval between doses
(Figure S11A). HCQ co-administration significantly reduced circu-
lating IL-6, CCL2, and IFNYy levels following both the prime and
booster immunizations. Importantly, both contralateral adminis-
tration of HCQ and 24-h prophylactic treatment similarly attenu-
ated cytokine induction, further supporting the ability of HCQ
to shield NA-induced innate immune activation independently
of co-formulation with the vaccine (Figures S11B-S11G). Spike-
reactive antibody titers and neutralization remained unchanged
(Figures S11H-S11J and S12), and CD8a cytotoxic T cell responses
were preserved in all tested animal groups (Figures S11K-S11M).
Endpoint flow cytometric analysis of splenocytes collected 16 weeks
after primary immunization revealed a modest reduction in the
frequency of CD4" T cells in HCQ-treated animals. In contrast,
HCQ administration was associated with a slight increase in
the proportion of CD8" T cells and CD3*CD8*CD62L" cells, sug-
gesting preservation of a less-differentiated CD8" T cell phenotype
without compromising the overall adaptive immune response
(Figures SIIN-S11P).
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Endosomal NA-sensing suppression rescues AAV-induced BBB
damage

Direct intracerebral AAV9 delivery, used for multiple neurological
indications,*® can disrupt the BBB and induce neuroinflamma-
tion.”’° We implemented a prophylactic regimen (daily for
3 days before and 2 days after injection) and stereotactically deliv-
ered AAV9-EGFP to the mouse cortex (Figure 4A). IL-6 was
reduced on days 1 and 30, at the end of the experiment, compared
to AAV9 alone, and EGFP transduction efficiency was preserved
(Figures 4B and S13C). Immunohistochemistry on day 30 revealed
BBB injury in AAV9-only brains: reduced CD31, diminished
AQP4, increased IBA1" microglia and GFAP" astrocytes, and lower
NeuN (Figures 4C-4E and S13D). Endosomal NA-sensing suppres-
sion preserved CD31 and AQP4, reduced microgliosis and astrocy-
tosis, and maintained NeuN abundance (Figures 4E and S13D).
Thus, selective early innate modulation safeguards vascular and
glial homeostasis during intracerebral AAV9 administration
without compromising transduction efficiency.

Amelioration of LNP-mRNA hepatotoxicity and
thrombocytopenia and support for base-editor dosing
LNP/mRNA exposure often concentrates in the liver, where dose-
dependent hepatotoxicity ** and thrombocytopenia can limit
repeated treatment and even result in a clinical trial pause.*’
Using cap-1 N1-m¥-modified mRNA erythropoietin (EPO)
LNPs, we confirmed therapeutic expression, with serum EPO
increasing appropriately and unaffected by NA-sensing suppres-
sion. A separate cohort of animals receiving fLUC mRNA/LNPs
was included as a control group (Figures 5A and S14A). IL-6 and
CCL2 levels measured 6 h after administration were markedly
reduced in all HCQ-treated groups following both the initial and
subsequent administrations of low- (0.2 mg/kg) and high- (1 mg/
kg) dose LNPs (Figures 5B, 5C, S14B, and S14C). Animals treated
with EPO mRNA/LNPs exhibited significantly elevated hematocrit
levels compared with the control group (Figures 5D and S14D).
Administration of the low mRNA-LNP dose did not result in signif-
icant alterations in liver function parameters (Figure S14E). Dose
escalation of EGFP mRNA-LNPs (0.2-1.5 mg/kg) revealed consis-
tent cytokine peaks 6 h after administration (Figure S14H). At
doses of 1.0-1.5 mg/kg, significant elevation in serum ALT and
AST levels was observed, whereas no such changes occurred
following administration of empty LNPs (Figures 5E, 5F, and
S14I-S14L), indicating that the observed hepatotoxicity was driven
by the NA cargo rather than the LNP formulation itself. Suppres-
sion of early innate sensing blunted cytokines and reduced ALT/
AST elevations across reporters and EPO (Figures 5E, 5F, and
S14I), with histology showing fewer inflammatory foci and reduced
hepatocyte injury (Figures 5G and S14L). Complete blood counts
showed mitigation of LNP-mRNA-induced thrombocytopenia
while preserving EPO-driven erythropoiesis (Figures S15A-S15]).

A prominent application of mRNA therapeutics is in vivo genome
editing.**** Editing Pcsk9 provides durable LDL reduction®' and
protects against cardiovascular disease, representing a highly
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Figure 4. Selective early innate modulation reduces AAV9-induced blood-brain barrier damage while preserving transduction

Mice (n = 5) were given HCQ (60 mg/kg body weight) intraperitoneally for 3 consecutive days. Next, they were stereotactically injected into the right cortex with 1 x 10" PFUs/
animal of AAV9-EGFP. The animals were additionally treated with HCQ (60 mg/kg body weight) for the next 2 days. Blood was taken on the first and on the 30" day post-
injection. On day 30, the experiment was terminated, and brains were harvested (A). ELISA measured mouse IL-6 cytokine in mouse sera. Each dot represents a value
obtained from an individual animal (n = 5). *p < 0.05 and ***p < 0.001. All p values are from ordinary one-way ANOVA followed by Tukey’s multiple comparisons test. Graphs
present mean values + SEM. (B). Immunohistochemistry (IHC) staining of mouse brain tissue sections of AQP4 and CD31 (C) and IBA1 and GFAP (D) with adjacent
quantification graphs (E). Scale bars represent 100 pm. Representative images are shown. Each dot represents the average of measurements obtained from an individual
animal (n = 5). *p < 0.05 and **p < 0.001. All p values are from ordinary one-way ANOVA followed by Tukey’s multiple comparisons test compared to blank. Graphs present
mean values + SEM.
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Figure 5. Early innate-sensing suppression mitigates LNP-mRNA hepatotoxicity and thrombocytopenia and supports base-editor dosing

(A-C) Erythropoietin (EPO) or fLUC mRNA/LNP (1 mg/kg; cap1/N1-m¥ mRNA) + suppressor (HCQ, 60 mg/kg) applied every 72 h for 1 week. Human EPO (A), mouse IL-6 (B),
and mouse CCL2 (C) at 6 h post-intravenous (i.v.) administration of LNPs, determined by ELISA. (D) Hematocrit on day 8. (E and F) ALT and AST on day 4. (G) Representative
liver H&E sections (day 8). Scale: 300 pm. (H-J) ABE8e base editor + Pcsk9 gRNA mRNA/LNP (1.5 mg/kg) + suppressor (HCQ, 60 mg/kg) with re-dosing on day 3.
Mouse IL-6 at 6 h (H), serum mouse PCSK9 on day 21 (I), and AST on day 4 (J). Each dot represents the average of measurements obtained from an individual animal
(n = 5-6). o < 0.05 and < 0.001. All p values are from ordinary two-way ANOVA followed by Tukey’s multiple comparisons test compared to blank. Graphs present
mean values + SEM.
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ated (Figures 5H-5] and S16), and serum Pcsk9 levels decreased as
expected from on-target editing (Figure 5I). These data support
selective early innate modulation as a generally applicable strategy
to improve tolerability of repeated or higher-dose LNP-mRNA reg-
imens, including genome editors.

effective therapeutic avenue. However, hepatotoxicity is a major
barrier to clinical translation of high doses of LNP-delivered base ed-
itors, required for efficient editing. By delivering ABE8e mRNA
with Pcsk9 gRNA at a therapeutically relevant dose and setting, early
cytokine induction was reduced, ALT/AST elevations were attenu-
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DISCUSSION

Here, we identify a conserved early innate inflammatory program,
peaking at approximately 6 h after dosing, that follows NA delivery
across mRNA/LNP, adenoviral, and AAV9 platforms. This tran-
sient program, dominated by pro-inflammatory cytokines and
PRR-driven transcriptional signatures, represents a unifying bio-
logical response to therapeutic NAs. Importantly, we show that
selective suppression of this early innate burst can be achieved
without significantly impairing the downstream functional out-
comes of vaccination or gene delivery: antibody titers, live-virus
neutralization, CD8" cytotoxicity, transgene expression, and
in vivo genome editing all remain intact. Although co-formulation
of HCQ with BNT162b2 resulted in a modest reduction in live-
virus neutralization, this effect was not observed when HCQ was
administered prophylactically. While immediate co-delivery may
attenuate the earliest innate signals contributing to optimal anti-
body priming, prophylactic administration sufficiently suppresses
excessive inflammatory signaling without compromising func-
tional immunity. Consistent with this, HCQ preserved a mature
MHCIIMe*CD38"8" B cell phenotype and did not impair long-
term humoral or cellular immune responses, as normal antibody
values and a portion of CD44 were determined in a long-term
in vivo study, further supporting our conclusion that HCQ selec-
tively attenuates NA-induced inflammatory signaling rather than
broadly suppressing immune function.

At the same time, key safety liabilities such as BBB disruption, liver
enzyme elevations, and thrombocytopenia were substantially miti-
gated by the use of HCQ, thus presenting it as a suitable prophylactic
in various therapeutic approaches.

Even when therapeutically delivered NAs are chemically identical to
their endogenous counterparts,l(”z3 aberrant localization (cytosolic
DNA and endosomal RNA or DNA) renders them visible to innate
surveillance. Before associating with endogenous RNA-binding
proteins, these species can engage PRRs and trigger inflammatory
cascades,”*® producing the characteristic early cytokine surge that

precedes translation or vector uncoating.

Our findings support a model in which 4-aminoquinolines selectively
attenuate NA-induced innate immune activation without compro-
mising productive intracellular delivery or translation of therapeutic
NAs. Previous studies have proposed that 4-aminoquinolines reduce
the accessibility of NAs to endosomal PRRs, thereby limiting PRR
engagement.”>"” The small-molecule modulators tested in our
study bind dsDNA and RNA species and reduce cytokine induction
even after electroporation, indicating effects beyond endocytosis
interference. Our data extend this model by demonstrating that these
interactions are compatible with preserved mRNA translation. Protein
expression remained unchanged following mRNA electroporation,
LNP-mediated delivery, and cell-free translation, indicating that
HCQ does not measurably interfere with productive cytosolic transla-
tion of delivered mRNA under the experimental conditions used in
this study.

Although endosomal acidification is required for activation of endo-
somal NA-sensing pathways and contributes to LNP-mediated en-
dosomal escape, HCQ-induced modulation of endosomal pH did
not compromise transgene expression in our observations. Although
endosomal acidification™® is required for both activation of endoso-
mal NA-sensing pathways and LNP-mediated endosomal escape,
these processes occur over different pH ranges. Ionizable lipids
used in clinically relevant LNPs possess apparent pKa values of
approximately 6.1-6.7, enabling efficient protonation within the
mildly acidic environment of early endosomes (approximately pH
6.0-6.5), where productive endosomal escape is thought to occur.
In contrast, activation of endosomal TLRs depends on sustained
acidification of late endosomes and lysosomes (approximately pH
4.5-5.5), where acidic proteases mediate receptor maturation and
RNase-dependent ligand processing.'””*’ Indeed, measurements
demonstrated only partial attenuation of endosomal acidification
by HCQ, so we believe that the degree of pH modulation is sufficient
to dampen endosomal NA sensing while remaining compatible with
efficient cytosolic delivery of the mRNA cargo. In parallel, HCQ
significantly reduced phosphorylation of NF-kB and IRF3, indicating
attenuation of proximal signaling events downstream of NA recog-
nition rather than nonspecific suppression of cellular function.
Another study reported inhibition of p38 MAPK phosphorylation
by HCQ after dsRNA stimulation,” indicating the effect of HCQ
on the earlier inflammatory signaling pathway. Because NF-kB and
IRF3 represent the major transcriptional regulators controlling
expression of inflammatory cytokines and type I IFN-responsive
genes downstream of NA sensing, these findings provide mecha-
nistic evidence that HCQ acts upstream of innate signaling cascades.
Transcriptomic profiling also revealed attenuation of TLR pathways
while preserving IFNf-associated response elements, offering a
molecular explanation for reduced inflammation yet maintained
vaccine priming. Together with the lack of effect on R848 and
cGAMP, in agreement with other publications,z’z’Sl these data sup-
port a model in which HCQ prevents immunostimulatory NAs
from efficiently engaging their cognate PRRs, thereby attenuating
early activation of NF-xB and IRF3 and reducing downstream in-
flammatory cytokine production without broadly suppressing innate
immune signaling.

This interpretation is further supported by our pathway-selective
stimulation experiments. HCQ attenuated responses induced by
NA-containing stimuli, whereas the response elicited by the small-
molecule TLR7/8 agonist R848 and the STING agonist cGAMP
remained largely preserved. Together, these findings demonstrate
that HCQ does not act as a broad suppressor of innate immune
signaling but instead selectively modulates pathways initiated by
NA recognition. Accordingly, by inhibiting IL-6 and IFNy secretion
upon BNT162b2 stimulation of PBMCs, we discovered that CCL2
was diminished, suggesting that IL-6 and IFNy act as key reactoge-
nicity drivers. Combined with our transcriptomic analyses and pre-
served long-term humoral and cellular immune responses, these data
support the central conclusion of this study: transient modulation
of early NA sensing is sufficient to decouple innate reactogenicity
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from therapeutic efficacy while maintaining productive intracellular
delivery and durable adaptive immunity.

Consistent with earlier reports,49 we also confirmed that mRNA cargo
is the principal driver of LNP reactogenicity, whereas the lipid compo-
nents of LNPs alone are insufficient at comparable doses, consistent
with the tolerability of empty LNPs. We observed an increase in liver
enzymes to be mRNA/LNP-dose dependent and occurring only at
clinically relevant doses, beyond 0.5 mg/kg. In the liver, suppression
of the early innate program lowered ALT/AST elevations and rescued
platelet counts, supporting the feasibility of repeat dosing and high-
exposure regimens, which remain important bottlenecks for thera-
peutic mRNA and in vivo editing. In the CNS, where inflammation
and vascular perturbations have disproportionate consequences, we
observed reduced microgliosis and astrocytosis and preserved endo-
thelial and perivascular integrity after AAV9 administration, pointing
toward a route for safer intraparenchymal gene delivery.

Because the modulators used here are clinically established, orally
bioavailable agents that associate with LNP cargo without altering par-
ticle size or encapsulation efficiency, this approach represents a prac-
tical and immediately accessible co-therapy. Unlike glucocorticoid
co-therapy,” which globally dampens immune function, selective
suppression of endosomal NA sensing preserves adaptive immunity
while mitigating early toxicity. Optimization of dosing, timing, or
co-formulation strategies may further enhance translational applica-
bility. Together, these findings position endosomal NA-sensing sup-
pressors, including but not limited to 4-aminoquinolines, as promising
anti-reactogenic adjuncts capable of broadening the therapeutic win-
dow for mRNA medicines, viral vectors, and genome editing.

The study has certain limitations. All in vivo experiments were
performed in mice, and translation to humans will require pharma-
cokinetic alignment and exposure matching, particularly for CNS
delivery. We did not evaluate chronic multidose regimens beyond
the tested schedules, although 4-aminoquinolines have a safety track
record of long-term application for autoinflammatory conditions.
Although adaptive immune priming was preserved in the settings
tested, long-term cell and humoral immune responses were also re-
searched and found to be unaffected. Some applications requiring
strong adjuvanticity, such as therapeutic cancer vaccines, may not
benefit from innate suppression.

Taken together, these results highlight that selective modulation
of early innate sensing of NA therapeutics offers a practical and
immediately accessible strategy to markedly improve the safety
and flexibility of its use, with the potential to influence how next-gen-
eration mRNA vaccines, viral vectors, and in vivo genome-editing
agents are designed and deployed.

MATERIALS AND METHODS

Cells

PBMCs for NA stimulation and electroporation were obtained from
healthy donors. Samples were obtained with informed consent and
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according to the study protocol approved by the National Medical
Ethics Committee (0120-199/2022/3) for conducting research to
determine the immune response to COVID-19 vaccines. The cells
were maintained in RPMI1640 (Invitrogen Life Technologies) cell
medium, supplemented with 10% (v/v) heat-inactivated FBS (Invi-
trogen Life Technologies).

Mouse splenocytes for NA stimulation were obtained from spleens of
different strains of mice, according to the EU 2010/63 directive. Tis-
sue collection was approved by the Administration of the Republic of
Slovenia for Food Safety, Veterinary Sector and Plant Protection of
the Ministry of Agriculture, Forestry and Foods, Republic of Slovenia
(permit number U34401-13/2022/3). Single-cell suspensions from
spleens without enzymatic treatment were obtained using the tissue
dissociator gentleMACSTM Dissociator, according to the manufac-
turer’s instructions (Miltenyi Biotec, Bergisch Gladbach, Germany).
Cells were maintained in RPMI1640 cell medium, supplemented
with 10% (v/v) heat-inactivated FBS. The cells were treated with
various NA-based vaccines in combination with HCQ. To determine
cell death, an LDH cytotoxicity assay (Thermo Fisher Scientific) was
carried out according to the manufacturer’s protocol.

A549-dual cells (NF-kB-SEAP and IRF-Lucia reporter lung carci-
noma) (Invivogen) were maintained in RPMI1640 cell medium,
supplemented with 10% (v/v) heat-inactivated FBS. SEAP was deter-
mined using QUANTI-Blue - SEAP Detection Reagent (Invivogen)
according to the manufacturer’s protocol. rLUC was determined
using a luminometer with coelentrazine buffers.

Cell electroporation

PBMCs (2 x 10 cells/mL) were electroporated using a Neon electro-
poration system (Thermo Fisher Scientific), using T buffer in 10 uL
electroporation tips (electroporation parameters: 2,150 V, 20 ms
pulse width, 1 pulse). The total amount of mRNA per electroporation
was 1 pg.

Chemicals

Ionizable cationic aminolipid heptatriacont-6,9,28,31-tetraene-19-
yl 4-(dimethylamino) butanoate (DLin-MC3-DMA; MC3, HY-
112251), HCQ sulfate (HY-B1370), and Q dihydrochloride were
purchased from MedChemExpress. 1,2-Diastearoyl-sn-glycero-
3-phosphocholine (DSPC; SI-850365P) and cholesterol (Chol;
C8667) were purchased from Sigma. 1,2-Dimyristoyl-glycero-3-me-
thoxypolyethylene glycol-2000 (DMG-PEG2000; 880151P) was pur-
chased from Avanti Lipids. CQ sulfate was purchased from Sigma.
cGAMP (3,3’) was purchased from MedChem Express. R848 and
polyl:C were purchased from Invivogen. Human IL-6 (sc-28343)
and human IFNYy (sc-373727) antibodies were purchased from Santa
Cruz Biotechnology.

IVT mRNA synthesis

The mRNAs were prepared by in vitro transcription (IVT) with T7
RNA polymerase according to the manufacturer’s instructions (Ri-
bomax LargeScale RNA production System, Promega P1300) unless
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stated otherwise. We used purified PCR fragments for DNA tem-
plates, with an already encoded 102-bp-long poly(A) tail. dsSRNA
was synthesized using DNA templates with T7 promoters on both
3’ and 5 ends. For integration of modified uracil nucleotides,
Pseudo-UTP (Jena Bioscience NU-1139S) and N-methylpseudo-
UTP (Jena Bioscience NU890-S), we added 20 pL of each, replacing
non-modified UTP in the reaction mixture entirely. After DNase I
treatment of the IVT reaction mix, we performed capping of
mRNA using the Vaccinia capping system (NEB M2080S) for the
formation of cap-0 and additionally cap 2-O’methyltransferase
for the formation of cap-1 (NEB, NE-M0366S). nRNA was purified
according to the manufacturer’s instructions (Phenol-Chloroform
extraction) or with NEB’s Monarch RNA Cleanup Kit NEB
T2040L. mRNA integrity and correct size were assessed using Agi-
lent’s 2100 Bioanalyzer with the Agilent RNA 6000 Pico kit (5067-
1513 and 5067-1514); concentration and A260/A280 ratios were
measured on a Nanodrop.

LNP formulation and characterization

LNPs encapsulating mRNA were prepared as previously re-
ported,” using the Precision Nanosystems Ignite microfluidic
mixing platform. Briefly, we first prepared a lipid formulation in
ethanol at molar ratios of 50.5:10:38:1.5 (MC3/DSPC/Chol/
DMG-PEG2000). Thus, a prepared lipid mix with a final lipid
concentration of 12.5 mM and mRNA concentration of 0.174-
0.200 mg/mL in 25 mM citrate buffer (pH 4.0) was injected into
the NxGen cartridge at a flow rate ratio of 1:3 with a final flow
rate of 12 mL/min. The N/P ratio was 4 (cationic ionizable lipid
to anionic mRNA). Subsequently, we diluted the product 10 times
in phosphate-buffered saline (PBS; pH 7.4) and concentrated the
diluted product at 2,000g for 30 min. LNPs were filtered through
0.22 pM membranes and stored at 4°C or —80°C (diluted 2x with
10% sucrose solution). BNT162b2 mRNA/LNP and chimp-adeno-
viral vector AZD1222 doses against the SARS-CoV-2 ancestral
strain that remained unused were used, based on the approval of
the Medical Ethics Board of Slovenia and local authorities at Re-
gierung Oberbayern, Munich, Germany.

The size and distribution of in-house-made LNPs and BNT162b2
vaccine were characterized with dynamic light scattering (measured
using a Malvern Zetasizer). mRNA encapsulation efficiency and con-
centration inside LNPs were determined using the QuantiTRibogreen
RNA assay (Molecular Probes R-1141) and Quantifluor RNA system
(Promega E3310).

Fluorescence spectroscopy

HCQ (1 mM) was mixed with various concentrations of NAs, LNPs,
or vaccines (AZD1222 and BNT162b2) at room temperature in a
96-well black microplate. In the competition assay, the PI (50 pM)
was added to the mixture. Fluorescence measurements were per-
formed with a microplate reader (BioTek) using excitation at
330 nm for HCQ and excitation at 535 nm for PI. The emission
spectra of HCQ and PI were recorded between 450 and 580 or 550
and 750 nm, respectively. All compounds were dissolved in Milli-Q.

RNA-seq

Total RNA was extracted from homogenized lymph node and
muscle tissue using TriPure Isolation Reagent (Merck) and
High Pure RNA Isolation Kit (Roche) following manufacturers’
instructions. Purity (ratios A260/280 and A260/230) and quantity
were measured on a Nanodrop spectrometer (Thermo Fisher Sci-
entific). Three biological repeats of each sample were sent for
sequencing at Azenta Life Sciences (Genewiz, Leipzig). They per-
formed sample quality control (QC), library preparation, rRNA
removal by poly(A) selection for mRNA species from muscle tis-
sue, and rRNA depletion for lymph nodes due to lower-quality
RNA samples. The libraries were run on Illumina NovaSeq, using
the 2 x 150 bp paired-end sequencing protocol, with a sequencing
depth of 20-30 million reads per sample. First, we performed QC
with FastQCheck, then paired-end adapter trimming, using CutA-
dapt.”* Then, we “pseudo-aligned” trimmed samples to the mouse
genome, using Kallisto pseudo-alignment™ with pre-produced
index and GFT files, downloaded from the Kallisto transcrip-
tome indices data source (version June 22, 2019; Kallisto 0.45.1,
Ensembl v.96 transcriptomes). Differential expression was per-
formed using RStudio (RStudio 4.3.2 [2023-10-31 ucrt]) with
the R package DESeq2.”® Data were normalized with the built-
in function median of ratios, and threshold of significance
was set to adjusted p (adj. p) < 0.05. Volcano plots were drawn
with the EnhancedVolcano’” Bioconductor package. To perform
enrichment analysis, we took significantly upregulated genes of
each sample (adj. p < 0.05, log, fold change [log,FC] > 0) as an
input to the web-based gene set analysis toolkit (WebGestalt).’®
We performed ORA (over-representation analysis), and for anno-
tation, we chose the functional database Gene Ontology (non-
redundant biological process). The data were submitted to the
GEO repository (GEO: GSE277440).

In vitro translation assay

Translation efficiency was assessed using the rabbit reticulocyte
lysate system (Promega L4960). Briefly, reaction mixtures were pre-
pared according to the manufacturer’s protocol and incubated at
30°C for 90 min. The reaction mixtures were diluted 10x in PBS
buffer, and enzymatic activity was measured using a microplate lu-
minometer (Berthold).

ELISAs

Values of human IL-6 and IFNy were determined using the Human
IL6 ELISA Kit (Invitrogen) and Human IFNy (eBioscience) accord-
ing to the manufacturer’s protocol. Mouse IL-6, CCL2, IL-2, and
IFNy were determined by the IFN gamma ELISPOT ELISA
Ready-SET-Go! Kit (15531137, eBioscience, San Diego, CA, USA)
according to the manufacturer’s protocol. Human EPO values
were determined using the Human EPO ELISA kit (Thermo Fisher
Scientific) following the manufacturer’s instructions. Human IL-10
(Invitrogen), human CCL2 (Thermo Fisher Scientific), human
TNFa (eBioscience), human IL-8 (eBioscience), and human IL1J
(Invitrogen) were determined according to the manufacturer’s
protocol.
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pH endosome modulation measurements

HEK293 cells were seeded in 8-well chamber slides (Ibidi, Germany)
at a density of 5 x 10° cells/mL. 24 h later, HCQ (5 tM) was added.
Both HCQ-treated and untreated control cells were included in the
experiment. Cells were incubated for 10-12 h with a mixture of
10 kDa dextran-FITC (0.5 mg/mL) and 10 kDa dextran-AF647
(0.1 mg/mL), applied in either the presence or absence of HCQ. In
addition, cells stained with each dextran individually were used as
single-color controls to assess fluorescence bleed-through between
imaging channels. Confocal fluorescence imaging was performed us-
ing a Leica TCS SP8 confocal microscope equipped with a 63X oil-
immersion objective. FITC fluorescence was excited using a
488 nm laser line and detected between 510 and 540 nm, while
AF647 fluorescence was excited using a 633 nm laser line and de-
tected between 645 and 680 nm. At least 10 single-plane images
from independent microscopic fields were acquired for each experi-
mental condition using identical acquisition settings. The presented
data represent a single biological replicate. For quantitative image
analysis, all images were converted to 8-bit grayscale format using
Image]/Fiji software (Image] 1.54p; Java 1.8.0_322). The AF647
channel was used to segment endosomal/lysosomal structures due
to its pH-independent fluorescence signal. Briefly, AF647 images
were processed using the “Smooth” function to reduce pixel-level
noise, followed by thresholding to remove background fluorescence
and generate binary masks corresponding to vesicular structures.
These masks were subsequently used to define ROIs representing en-
dosomal and lysosomal compartments. The generated ROI sets were
transferred onto the original, unprocessed AF647 and FITC images.
Mean fluorescence intensity was measured for each ROI in both
channels. To compensate for variability in dextran uptake and vesicle
content, FITC fluorescence intensity was normalized to the corre-
sponding AF647 fluorescence intensity for each ROI. The normal-
ized FITC/AF647 fluorescence ratio was used as a quantitative indi-
cator of endosomal pH. All ROIs from all acquired images were
included in the calculation of experimental averages.

Bio-plex analysis

Multiplexing of mouse cytokines and chemokines was determined
by using Bio-Plex Pro Mouse Cytokine Grp I panel 23-plex (Bio-
Rad) according to the manufacturer’s instructions. For readouts,
the Bio-Plex 200 System was used with Bio-Plex Manager, v.6.2
(Bio-Rad).

Phosphorylation status of NF-kxB and IRF3

PBMCs (10°) were stimulated with BNT162b2 (2 pg) in the presence
of HCQ (5 pM). Cells were lysed with 5xPassive Lysis buffer (Prom-
ega) and left on ice for 30 min. After that, the lysates were centrifuged
for 30 min at 13,400 rpm. Total protein quantification was carried
out using the QuantiPro BCA Assay Kit (Sigma). Proteins (75 pg)
were separated by SDS-PAGE and transferred to a Hybond ECL
nitrocellulose membrane (GE Healthcare). Blots were incubated
with appropriate antibodies. Primary antibodies used for western
blotting were as follows: beta-Actin (13E5) Rabbit Monoclonal Anti-
body (Cell Signaling, 4970), Phospho-NF-kappaB p65 (Ser536)
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(93H1) Rabbit Monoclonal Antibody (Cell Signaling, 3033), NF-kB
p65 (D14E12) Rabbit Monoclonal Antibody (Cell Signaling, 8242),
Phospho-IRF-3 (Ser396) (D601M) Rabbit Monoclonal Antibody
(Cell Signaling, 29047), and IRF-3 (D83B9) Rabbit Monoclonal Anti-
body (Cell Signaling, 4302). Secondary antibodies used for western
blotting were goat polyclonal anti-rabbit IgG (ab6721) from Abcam.
The immunoblots were visualized on a G-box (Syngene) after
chemiluminescence detection using Pierce Fast Western Blot Kits,
SuperSignal West Femto (Thermo Fisher Scientific), according to
the manufacturer’s instructions. To determine the level of phosphor-
ylation status of NF-kB and IRF3, band quantification was per-
formed using Image]. Band intensities of pNF-kB or pIRF3 and total
NF-kB or IRF3 were first normalized to p-actin. Relative NF-xB
phosphorylation or IRF3 was then calculated as the ratio between
B-actin-normalized pNF-xB or pIRF3 and f-actin-normalized total
NF-xB or total IRF3 and expressed relative to the control group.

Spectral flow cytometry analysis

Cells (4-5 x 10°) were resuspended in FACS buffer (150 uL, PBS
supplemented with 10% FBS). For live/dead staining, ZombieNIR
dye was used according to the manufacturer’s protocol. Briefly, the
fluorescence-activated cell sorting (FACS) buffer was replaced with
100 pL PBS containing ZombieNIR dye (dilution 2,000 to 5,000).
Samples were incubated for 10-15 min on ice, and the reaction
was stopped with the addition of FACS buffer (100 pL). The
ZombieNIR dye was removed with centrifugation at 450 rpm, and
the collected cells were resuspended in 50 pL FACS buffer containing
2 pL Mouse TrueSatin FcX (BioLegend) or anti-mouse CD16/CD32
(Fcy III/II receptor) (BD Pharmingen). Ten minutes later, an anti-
body cocktail was added (50 pL) to the mixture, and samples
were incubated for at least 30 min on ice. The antibody cocktail
was prepared in FACS buffer containing 5 pL True Stain Monocyte
blocker (426103, BioLegend). See Table S1 for a list of the antibodies
used in this study. Before analysis, cells were washed with FACS
buffer, and fluorescence was measured on the 3-laser Aurora spectral
flow cytometer (Cytek Bioscience). All antibodies were titrated
individually according to standard practice before being used in
the panel. As reference controls, an unstained sample and, for every
color, a single-stain reference control were acquired. All reference
controls underwent the same protocol as fully stained samples,
including washes. Reference controls were acquired once and used
to unmix multiple batches. For all parameters, a cell type of interest
was used. Data were acquired and unmixed using SpectroFlo v.3.1.0
software (Cytek Bioscience) using the same instrument settings for
every run. The resulting unmixed fetal calf serum (FCS) files were
analyzed using manual gating in Flowood software (BD Biosciences).
First, a manual data check was performed to ensure the exclusion
of technical artifacts and bad-quality samples (clogs, doublets, and
dead cells). The unmixing of raw data was performed using single-
stain controls as references (no manual compensation was used).
FlowAl software was used to exclude noise, anomalies in flow rate,
signal acquisition, and outlier events.”” Next, doublets and dead
cells were removed, and CD45-positive cells were gated manually,
subsampled using the FlowJo_Downsample function, and saved as
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new FCS 3.1 files. Before dimensionality reduction and clustering,
the new files were merged using the FlowJo_Concatenation function.
The manually gated cells were further analyzed using the uniform
manifold approximation and projection (UMAP) dimensionality
reduction method and X-shift/FlowSOM clustering approach. For
T cell dimensionality reduction, CD4, CD8, MHCII, CD103,
CD11b, CD86, CD69, CD62L*, and CD44* markers were used; for
B cells, MHCII, CD62L*, CD44*, CD86, CD161, and CD11c were
used; and for the rest of the cells, CD103, CD44*, CD4, CD62L*,
CDl1l1¢, MHCII, CD11b, CD8a, CD64, Ly6C, CD86, and CD69
were used. FCS files are available upon request.

Mouse studies

All animal experiments were performed according to the directives
of the EU 2010/63 and were approved by the Administration of
the Republic of Slovenia for Food Safety, Veterinary Sector and Plant
Protection of the Ministry of Agriculture, Forestry and Foods, Re-
public of Slovenia (permit numbers U34401-9/2022/4, U34401-6/
2025/8, and U34401-11/2025/8). Laboratory animals were housed
in IVC GM500 cages (Techniplast) and fed standard chow (Muce-
dola), and tap water was provided ad libitum. The cages were en-
riched using Nestlets nesting material and mouse houses. Mice
were maintained in a 12-h/12-h dark-light cycle at approximately
40%-60% relative humidity with 22°C of ambient temperature. All
animals used in the study were healthy, accompanied by a health
certificate from the animal vendor. Health/microbiological status
was confirmed by the FELASA-recommended Mouse Vivum immu-
nocompetent panel (QM Diagnostics).

To test the effect of HCQ on NA immunizations, female 8- to
10-week-old C57BL/6] OlaHsd mice were used. Mice were intramus-
cularly immunized with COVID-19 vaccine (BNT162b2 [Pfizer],
4 pg/animal; AZD1222 [AstraZeneca], 3.5 x 10* plaque-forming
units [PFUs]/animal; or in-house-prepared LNPs, containing spike
mRNA); 4 pg/animal, expressing the spike protein of interest,
combined with HCQ sulfate (60 mg/kg of body weight of the ani-
mal), combined into a single injectable composition if not stated
otherwise. COVID-19 vaccines were technical waste obtained from
Golnik Hospital or from TUM. In some cases, HCQ was adminis-
tered 24 h before the vaccine. Immunization was carried out under
general inhalation 1.8% MAK isoflurane anesthesia (Harvard
Apparatus). Vaccine (prime; first dose) was administered using a
30G needle into m. tibialis anterior after appropriate area prepara-
tion. The boost (second dose) was administered 3 weeks later. Blood
was drawn 6 and 24 h after the prime. Blood was taken again before
the first boost and again 6 and 24 h after the first boost. Blood was
drawn from the lateral tail vein using Microvette 300 (Sarstedt).
Three weeks after the boost, the experiment was terminated unless
stated otherwise. Final blood was taken, and spleens were harvested
from animals. Mouse sera were prepared by centrifugation of blood
samples at 3,000 rpm/20 min at 4°C.

To study the effect of LNP-induced liver damage and thrombocyto-
penia, a mixture of HCQ (60 mg/kg) and LNPs containing in-vitro-

transcribed human EPO mRNA (cap-1 N1-mY¥) or fLUC mRNA or
EGFP was injected intravenously in C57BL/6] OlaHsd (female mice,
aged 8-10 weeks) every 72 h for 1 week. Blood was taken at 6 h post-
first injection and then on day 8.

A complete biochemical profile was determined using the VetScan
Mammalian Liver Profile reagent and the Comprehensive Metabolic
Panel rotor and analyzed on the VetScan VS2 biochemistry analyzer
(Abaxis). Five-part complete blood count was performed using the
VetScanHM5 Hematology Analyzer (Abaxis).

Mouse Pcsk9 in vivo base editing

LNPs, containing ABE8e mRNA (cap-1 N1-m¥) and gRNA
(CCCATACCTTGGAGCAACGG," purchased from Synthego),
which was in vitro transcribed using mMESSAGE mMACHINE
T7 mRNA Kit with CleanCap Reagent AG (Thermo Fisher Scienti-
fic), were injected into BALB/c OlaHsd female mice, aged 6 weeks,
at a dose of 1.5 mg/kg of body weight, followed by another dose
3 days later. Blood was taken to evaluate cytokines, liver enzymes,
and mouse PCSK9 levels using ELISA (Sinobiological). Three weeks
later, organs were harvested, and pathohistological analysis was per-
formed. After 48 h of fixation in 10% neutral buffered formalin
(Sigma-Aldrich) and gradient ethanol dehydration, the tumor sam-
ples were embedded in paraffin (Leica Biosystems), sectioned into
7 pm pieces using a microtome (Leica Biosystems), and mounted
on adhesive-coated slides (Leica Microsystems). After deparaffiniza-
tion and hydration, sections were stained with Mayer’s Hematoxylin
Solution (Merck) and Eosin Y solution (Sigma-Aldrich). Histology
slides were scanned using Ocus40 (Grundium), and pictures were
analyzed using Aperio ImageScope v.12.4.6.5003 (Leica).

Inducing BBB damage

To induce BBB damage, 10-week-old female C57BL/6] OlaHsd mice
were used. By stereotactic injection, performed as described in
Guo et al.”” AAV9-GFP (Origene) was injected into the right cortex
(AP [anterior-posterior] +0.6 mm, ML [medial-lateral] —2 mm, DV
[dorsal-ventral] —0.7 mm) using the 71000 Automated Stereotaxic
Instrument (RWD). Each animal was injected with 1 x 10" PFUs
of AAV viruses in a total volume of 1.5 pL. The next day and on
day 30, blood was taken to check for mouse IL-6 values. On day
30, EGFP fluorescence was determined using the spectral unmixing
mode in vivo imaging system IVISIII (PerkinElmer, Waltham, MA,
USA). Fluorescence values are presented as average radiant efficiency
(p/s/cm?®/st; pW/cm?), which were determined using Living Image
software. The animals were humanely sacrificed on day 30, the brains
were removed, snap-frozen in liquid nitrogen, and used for further
immunohistochemistry analysis. Using a cryostat MEV (SLEE Med-
ical), 6 pm brain tissue slices were cut. Cell nuclei were stained with
Hoechst dye (Invitrogen). For GFAP detection, mouse GFAP (GAS5)
(Cell Signaling Technology; dilution 1:100) antibody was used.
AF568 goat anti-mouse IgG (H+L) 2 mg/mL (Invitrogen; dilution
1:1,000) was used as a secondary antibody. For CD31 quantification,
rat CD31/PECAM-1 antibody was used (Santa Cruz Biotechnology;
dilution 1:50), whereas rabbit IBA1/AIF-1 (E404W) XP (Cell
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Signaling Technology; dilution 1:1,000) was used for IBA1 detection.
AQP4 was stained with rabbit AQP4 (DIF8E) XP antibody (Cell
Signaling Technology; dilution 1:200), and the NeuN marker was
determined by rabbit NEUN (D4G40) XP antibody (Cell Signaling
Technology; dilution 1:400). AF647 F(ab)2 fragment of goat anti-
rabbit IgG (H+L) 2 mg/mL (Invitrogen; dilution 1:1,000) were
used as secondary antibodies for CD31, IBA1, AQP4, and NeuN. Im-
ages were acquired using a Leica TCS SP5 inverted laser-scanning
microscope on a Leica DMI 6000 CS module (Leica Microsystems)
equipped with an HCX Plane-Apochromat lambda blue 63 x oil-im-
mersion objective with numerical aperture 1.4. Quantification of im-
ages was done using LasX software (Leica).

Analysis of immune response in mice

In mouse sera, specific anti-spike SARS-CoV-2 total IgG was deter-
mined by ELISA to test the immunogenicity of vaccines and deter-
mine the effect of HCQ on antibody production. ELISA tests were
performed to determine the EPT. High-binding half-well plates
(Greiner) were used. To determine specific anti-spike SARS-CoV-2
total IgG, recombinant His-spike SARS-CoV-2 protein (prepared
in-house as described elsewhere®’) was used for coating of the
ELISA plates. Recombinant proteins were coated in PBS buffer at a
concentration of 50 ng of designed protein per well. The total volume
of the coated solution was 50 pL/well. Coated plates were incubated
overnight at 4°C. The next day, plates were washed with PBS+0.05%
Tween 20 using an ELISA plate washer (Tecan). Next, plates were
blocked for 1 h at RT with ELISA diluent (PBS+3%FBS) solution. Af-
terward, the plates were again washed. Then, a serial dilution (factor
of 10) of mouse sera was added to the plates, where each dilution pre-
sented a certain titer value. For mouse sera, ELISA diluent was used.
Mouse sera were incubated at 4°C overnight. The next day, plates
were washed, and then goat anti-mouse IgG (H+L)-HRP antibodies
(Jackson ImmunoResearch) were diluted 1:3,000 in ELISA diluent
solution. Plates were incubated for 1 h at RT. Next, plates were
washed. After the final wash, TMB substrate was added, and the re-
action was stopped with the addition of acid solution (3M H;PO,).
Absorbance (A450 nm and A620 nm) was measured by Synergy
Mx microtiter plate reader (Biotek). Next, EPTs were calculated.
The EPT was determined as the dilution above the value of the cutoff.

From absorbance data of control animals (non-treated animals), the
cutoff value was determined.®' For a confidence level of 95%, a value
of 2,335 was used as the standard deviation multiplier.

T cell response on mouse splenocytes

To determine antigen-specific cytotoxic CD8a" T cells, spleens from
immunized mice were harvested. Single-cell suspensions from
spleens without enzymatic treatment were obtained using the tissue
dissociator gentleMACSTM Dissociator, according to the manufac-
turer’s instructions (Miltenyi Biotec). CD8" T cells from spleen cell
suspension were isolated using the mouse CD8a™ T cell Isolation
Kit (Miltenyi Biotec; 130-104-075), according to the manufacturer’s
instructions. Cells were isolated based on negative selection using LS
columns (Miltenyi Biotec), yielding up to 10° labeled cells. To deter-
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mine SARS-CoV-2 spike-specific cytotoxicity, NIH 3T3 mouse cells
were seeded into 24-well plates (105/well); the next day, the cells were
transfected with pCG1-hACE2 (900 ng/well) and pCMV-TMPRSS2
(30 ng/well) plasmids. The following day, cells were infected with
spike pseudovirus with a bioluminescent reporter (prepared in-
house as described elsewhere).”” The day after, isolated CD8a *
T cells (10°/well) in RPMI1640 cell medium were added. After 24
h, bioluminescence was determined using IVISIII (PerkinElmer)
following the addition of D-luciferin (500 pM), indicating the state
of spike-specific cytotoxicity of the CD8" T cells isolated from vacci-
nated animals. Bioluminescence values are presented as average radi-
ance (p/s/cm?*/sr), which were determined using Living Image soft-
ware. From the average radiance values (ARVs), the percentage of
infected NIH 3T3-specific lysis was calculated using the following
formula: % specific lysis = 100 x (spontaneous death ARV — test
ARV)/(spontaneous death ARV — maximal killing ARV). From
the supernatants, mouse IL-2 and mouse IFNy levels were
determined.

Viral strains

SARS-CoV-2 EUI strain (EPI_ISL_582134) was isolated from a
nasopharyngeal swab of a patient during the first COVID-19 wave
in March 2020. The virus was further propagated in Vero E6 cells
(ATCC-CRL-1586) cultured in DMEM supplemented with 10%
FCS, 1% penicillin/streptomycin, 200 mmol/L L-glutamine, 1%
MEM-non-essential amino acids, and 1% sodium pyruvate (all
from Gibco, Thermo Fisher). A plaque assay was applied to deter-
mine the virus titer in PFUs.

Infection neutralization assay

Vero E6 cells were seeded at 1.5 x 10* cells/well in a 96-well plate
supplemented with DMEM medium and incubated overnight at
37°C and 5% CO,. Serum samples were diluted 1:25 in culture me-
dium, followed by a 5-fold serial dilution. Serum dilutions were
mixed with SARS-CoV-2 virus to reach a multiplicity of infection
(MOI) of 0.03 (450 PFUs/15,000 cells/well) and incubated at 37°C
for 1 h to enable virus neutralization. The inoculum was then
incubated on Vero E6 cells for 1 h at 37°C. Afterward, the sample/vi-
rus mix was replaced with medium, and cells were cultured for 24 h.
As a positive control, cells were infected with the same MOI of the
virus without incubation with serum samples, whereas uninfected
Vero E6 cells represent the mock. To stop the infection, the cells
were rinsed once with PBS and fixed with 4% paraformaldehyde
(ChemCruz) at RT for 15 min. After an additional PBS wash, fixed
Vero E6 cells were permeabilized for 15 min at room temperature
with 0.5% saponin (Roth) in PBS and blocked with PBS with 0.1%
saponin and 10% BSA (Roth) overnight at 4°C. The next day,
VeroE6 cells were incubated for 2 h at room temperature with a
1:1,500 dilution of SARS-CoV-2 nucleocapsid antibody T62 (Sino
Biological, Cat. No. 40143-T62) in PBS supplemented with 1%
FCS. Cells were rinsed with wash buffer (PBS supplemented with
0.05% Tween 20 [Roth]) and incubated for 1 h at room temperature
with goat anti-rabbit IgG antibody, HRP conjugate (Merck KGaA,
Cat. No. 12-348), and 1:4,000 diluted in PBS/1% FCS. After thorough
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washing, 100 pL TMB substrate (Invitrogen) was applied to each well
and incubated at RT for 8 min in the dark. The reaction was stopped
by adding 50 pL of 2 N H,SO,4 (Roth), and colorimetric detection
was performed on an Infinite F200 multi-plate reader (Tecan Group
AG) at 450 and 560 nm. The data were fitted to a log(inhibitor) vs.
response model with a variable slope in Prism v.8 (GraphPad).

Statistical analyses

Data are presented as means + SEM. One-way ANOVA followed by
Tukey’s multiple comparisons test was used for the statistical compar-
ison of data, unless stated otherwise. *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001. Graphs were prepared using GraphPad Prism8.

DATA AND CODE AVAILABILITY

All data supporting the findings are available within the paper and supplemental
information. RNA-seq data are deposited in GEO under accession GEO: GSE277440.
Raw flow cytometry FCS files and source data for graphs are available from the corre-
sponding author upon reasonable request. Custom analysis used standard tools (Cuta-
dapt, Kallisto, DESeq2, EnhancedVolcano, and WebGestalt); analysis scripts are avail-
able upon reasonable request.
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