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Abstract The progressive impairment of immunity
to pathogens and vaccines with aging is a significant
public health problem as the world population shifts
to an increased percentage of older adults (>65).
We have previously demonstrated that cells obtained
from older volunteers have delayed and defective
induction of type I interferons and T cell and B cell
helper cytokines in response to TLR ligands when
compared to those from adult subjects. However,
the underlying intracellular mechanisms are not
well described. Herein, we studied two critical path-
ways important in the production of type I interferon
(IFN), the interferon response factor 7 (pIRF7), and
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TANK-binding kinase (pTBK-1). We show a decrease
in pIRF7 and pTBK-1 in cross-priming dendritic
cells (cDCls), CD4* T cell priming DCs (cDC2s),
and CD149™CD16" vascular patrolling monocytes
from older adults (n=11) following stimulation with
pathway-specific agonists in comparison with young
individuals (n=11). The decrease in these key antivi-
ral pathway proteins correlates with decreased phago-
cytosis, suggesting impaired function in Overall,
our findings describe molecular mechanisms which
explain the innate functional impairment in older
adults and thus could inform us of novel approaches
to restore these defects.
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Introduction

The progressive decline in the function of the immune
system with increasing age is a condition known as
Unsurprisingly, this decline
leads to decreased protection in the aging popula-
tion against infectious pathogens [1]. This deterio-
ration is evidenced in the mortality rates of this age
group with almost 85% of pneumonia and influenza-
associated deaths in the USA, occurring in individu-
als over the age of 65 [2]. The onset of the COVID-
19 pandemic further underscored this vulnerability
as individuals aged 65-74 were more than 95 times
more likely to die from the virus when compared to
the 18-29-year-old population [3]. With the global
population over the age of 65 expected to double by
2050 [4], it is imperative to gain a better understand-
ing of the underlying mechanisms of immunosenes-
cence. Paradoxically, although chronically elevated
low levels of inflammation in the absence of overt
infection, also called inflammaging, are characteristic
of older adults people [5], peripheral blood mononu-
clear cells (PBMCs) from older adults demonstrate a
decrease in the production of inflammatory and anti-
viral cytokines upon Toll-like receptor (TLR)7/8 and
retinoic acid-inducible gene I (RIG-I) stimulation
when compared to their younger counterparts [6].
Our group has previously shown this effect in mono-
cyte subsets sorted from PBMCs of our aging cohort
in response to TLR7/8 and RIG-I stimulation, result-
ing in the decreased induction of protein and gene
expression of interferon (IFN)-y and interleukin-1p
(IL-1pB). RIG-I stimulation also resulted in decreased
production of IFN-a by monocytes from older indi-
viduals [7].

Monocytes are a critical early line of defense
against invaders, rapidly trafficking to the sites of
infection and differentiating into professional antigen-
presenting dendritic cells (DCs) and macrophages.
Aside from being a major source of antiviral and
inflammatory cytokines and chemokines [8-10],
these cells are important in bridging innate and adap-
tive immunity, acting as antigen presenters for the
priming and activation of cytotoxic and helper T cells

immunosenescence.
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[11]. DCs are essential for the germinal center (GC)
reaction in the lymph nodes, where activated follicu-
lar helper T (Tth) cells recognize and bind cognate
B cells and drive somatic hypermutation and affinity
maturation of B cell antibodies [12].

Most studies investigate monocytes or DCs as a
whole lineage, but both cell types can be split into
functionally distinct subsets that each plays important
roles in antiviral defense and other functional roles
such as phagocytosis and antigen presentation. Con-
ventional type 1 DCs (cDC1) are the primary subset
that cross-presents antigen to CD8* T cells and domi-
nantly produce IL-12 [13-16]. In contrast, conven-
tional type 2 DCs (cDC2) have been associated with
CD4" Ty cell responses including GC Ty responses
[16-18]. Plasmacytoid DCs (pDCs) are from a dif-
ferent lineage than cDCs and resemble plasma cells.
These cells secrete large quantities of type I IFN in
response to viral infection [19]. Monocytes also rep-
resent a heterogeneous population with three dis-
tinct subsets classified by the expression of CD14
and CD16. Classical monocytes (CD147CD167) are
the most abundant and produce high levels of reac-
tive oxygen species in response to pathogens [20].
The other minor populations are divided into two
subsets: intermediate (CD14*CD16%) and non-clas-
sical monocytes (CDI14%™CD16%). CD14*CDI16"
monocytes are producers of high levels of reactive
nitrogen species (RNS), IL-1B, and TNF-a while
CD14%™CD16% monocytes patrol the vascular
endothelium in response to virus and produce TNF-o
and IL-1p [20, 21].

DCs and monocytes help to shape the innate
immune response via the activation of pattern recog-
nition receptors (PRRs) such as TLR7/8 and RIG-I.
Upon infecting a cell, viruses like SARS-CoV-2 may
activate PRRs including TLR7/8, by nature of their
single-stranded RNA, or RIG-I, through its double-
stranded RNA replication intermediates [22-26].
TLR7/8 and RIG-I activation initiates a series of
signaling events that are mediated by TANK-binding
kinase 1 (TBK-1), which leads to the phosphoryla-
tion, dimerization, and translocation of the transcrip-
tion factor, IRF7 [27, 28]. Identifying deficits in any
of the pathways responsible for IFN production may
lead to elucidating potential avenues for therapeutic
targets.

Using PBMCs from young (24-36-year-old) and
older healthy adult (67-83-year-old) donors, we
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sought to determine whether certain subsets of mono-
cytes and DCs have impairments in antiviral signal-
ing and how those deficits affect the functions of the
cells. We determined that decreased phosphoryla-
tion of IRF7 and TBK-1 in CD14%™CD16" mono-
cytes, cDCI1, and ¢cDC2 and a subsequent decrease
in STING activation in older adults was associated
with the impaired primary IFN induction during the
early phase of simulated viral infection. We further
observed that the defective induction of IFN led to a
decrease in phagocytosis. These results contribute to
the knowledge of the impact of aging on innate anti-
viral function and benefit the field by delineating pre-
cise age-related defects in specific subsets of mono-
cytes and DCs, individually.

Experimental methods
Human samples

Blood samples were obtained from healthy donors at
Martin Memorial Health Systems (FL). Consenting
adults were screened using a questionnaire determin-
ing their demographic information, medication usage,
and comorbidities. Participants were excluded with
any acquired immunodeficiency or immunomodulat-
ing medications (such as steroids, chemotherapy, or
history of autoimmune disease), pregnancy, history
of cancer and history of cirrhosis or renal failure, or
antibiotic use within 2 weeks of recruitment. Blood
samples were taken from individuals aged 18—-80 and
were made into single-cell PBMC suspensions and
frozen in bovine serum albumin (Sigma) plus 10%
DMSO (VWR) for cryopreservation in liquid nitro-
gen. The institutional review boards at the relevant
institutions approved all procedures, and all partici-
pants provided signed informed consent.

In vitro stimulation of monocyte and DC subsets

PBMCs from healthy young and older donors were
plated at a volume of 1.0x10° cells per well in a
round 96-well plate in a volume of 100 ul of complete
RPMI medium (RPMI 1640 with L-glutamine [Corn-
ing Cellgro, Manassas, VA] supplemented with 10%
FBS and 13 [50 U] penicillin—streptomycin [Invitro-
gen, Carlsbad, CA]). For experiments involving LPS/
IFN-a or IFN-y stimulation, PBMCs were stimulated

for 15 min, 45 min, or 24 h with 1 ug/ml LPS with
80 ng/ml (InvivoGen, Cat# TLRL-eblps) and IFN-y
(InvivoGen, Cat# 300-134P). For experiments involv-
ing RIG-I agonist, PBMCs were stimulated for 24 h
with 500 ng/ml of a RIG-I ligand, 3p-hpRNA/LyoVec
(InvivoGen, Cat# tlr-hprnalv). A LyoVec-only control
was used for this stimulation. For experiments involv-
ing a cyclic GMP-AMP synthase (cGAS)-STING
agonist, PBMCs were stimulated for 24 h with 75 uM
of G10 STING agonist provided to us by Dr. Vincent
DeFillipis at the Vaccine and Gene Therapy Institute
at Oregon Health and Science University and DMSO
control was used. Optimal concentrations of differ-
ent TLR agonists were selected based on the median
production of IL-6 and IFN-a and an 85% or more
survival rate of monocytes. All PRR ligands were
purchased commercially (InvivoGen, San Diego, CA)
except for the G10 STING agonist. Where indicated,
supernatants were collected after stimulation and fro-
zen at—80 °C.

Phosflow cytometry analysis of monocyte and DC
subsets

The stimulated PBMCs from adult or older adult
donors were prepared and incubated with fluoro-
chrome-conjugated antibodies for flow cytometry.
Briefly, after stimulation, cells were washed twice
with fluorescence-activated cell sorting (FACS)
buffer (PBS containing 2% FBS); surface stained
using antibodies for 30 min in 100 pl of FACS
buffer; permeabilized using 300 pl of cold BD
Phosflow buffer III (BD Biosciences) according to
the manufacturer’s instructions; intracellular phos-
phoprotein stained using antibodies against intra-
cellular-phosphorylated IRF7 (pS477/pS479, BD
Biosciences), pTBK-1 (BD Biosciences, or STING
(BD Biosciences in 50 ul FACS buffer for 1 h);
and then fixed using 2% PFA for 15 min at 37 °C.
The following fluorochrome-conjugated antihu-
man antibodies were used: CD3 (clone: HIT3a,
Cat: 300324), CD56 (clone: 5.1H11, Cat: 362504),
CD19 (clone: HIB19, Cat: 302216), CD20 (clone:
2H7, Cat: 302311), CDl1c (clone: BUI15, Cat:
337110), CD16 (clone: 3G8, Cat: 302026), CD14
(clone: MS5E2, Cat: 301822), HLA-DR (clone:
L243, Cat: 307626), CDIc (clone: L161, Cat:
331519), and CD303 (clone: 201A, Cat: 354212),
which were all from BioLegend. pIRF7 (clone:
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K47-671, Cat: 558630), pTBK-1 (clone: J133-587,
Cat: 558604), and STING (clone: T3-680, Cat:
564836) were all from BD Biosciences. CD141
(clone: AD5-14H12, Cat: 130-113-317) was from
Miltenyi Biotech. LIVE/DEAD Fixable Dead Cell
Stain (Life Technologies, Cat: L.34957) was used
to gate on live cells. Samples were acquired on a
BD™ [ SRFortessa (BD Biosciences), and analy-
sis was conducted using FlowJo software (ver-
sion 10). Cells were phenotyped as follows: cDC2
were lineage™(CD197CD3"CD56"CD207)HLA-
DRTCD11c*CD1c*CD141-CD303~, cDC1 were
lineage"HLA-DR*CD11¢~CD1¢~CD141*CD303",

pDCs were
lineage " HLA-DR*CD11¢~CD1c~CD141-CD303,
classical monocytes were

lineage " HLA-DR*CD14*CD16", intermediate
monocytes were lineage ”HLA-DRTCD14*CD16%,
and non-classical monocytes were
lineage " HLA-DRTCD14%™CD16".

In vitro phagocytosis assay

PBMCs from healthy young and older donors were
plated at a volume of 1.0x10° cells per well in a
round 96-well plate in a volume of 100 pl of complete
RPMI medium at 37 °C and at 4 °C as a negative
control. PBMCs were then stimulated as stated previ-
ously except all stimulations occurred for 24 h. After
the 24-h stimulation period, cells were washed twice
with RPMI to remove the agonist and incubated with
0.04-um fluorescent microspheres (Invitrogen, Cat:
F8794) in RPMI for 3 h. The cells were then washed
twice with FACS buffer to remove any beads from the
outside of the cell and prepared for flow cytometry.

Phagocytic flow cytometry analysis of monocyte and
DC subsets

The PBMCs from adult or older adult donors were
prepared and incubated with fluorochrome-conju-
gated antibodies for flow cytometry. Briefly, after
stimulation, cells were washed twice with FACS
buffer, surface stained using antibodies for 30 min in
100 pl of FACS buffer, and then fixed using 2% PFA
for 15 min at 37 °C. Cells were phenotyped as stated
previously.
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Cytokine and chemokine analysis

Supernatants collected from PBMCs during stimu-
lation were analyzed for chemokine/cytokine levels
using Life Technologies magnetic bead assays (Invit-
rogen). Using the human ProcartaPlex™ Panel (Invit-
rogen™), the following human chemokine—premixed
panels was used: IL-1p, IL-6, TNF-a, IFN-a, and
IFN-y. The manufacturer’s protocol was followed.
Data were acquired on a Luminex™ FLEXMAP
3D™ System (using bead regions defined in the Inv-
itrogen protocol) and analyzed with the Belysa Curve
Fitting Software (Sigma-Aldrich).

Statistics

All flow cytometry, Luminex, and confocal data were
analyzed using GraphPad Prism v9. Where appro-
priate, stimulations were subtracted from their back-
ground controls; i.e., LPS/IFN-y-stimulated cells
were subtracted from unstimulated, the RIG-I agonist
was subtracted from LyoVec-only control, and the
G10 STING agonist was subtracted from a DMSO
control. The unpaired, non-parametric Mann—Whit-
ney U test was used when comparing two groups. The
paired multiple ¢ test and non-parametric one-way
ANOVA (Friedman) test were used when compar-
ing more than two groups to each other (*p<0.05,
*#p <0.01, ***p <0.001, ****p <0.0001).

Results

PBMC:s from older individuals display impairment in
type I IFN and helper cytokine production

Healthy individuals enrolled into the study were
accrued into two groups: adults and older subjects
(n=11 per group) with an equal sex distribution.
Individuals with comorbid conditions like cancer
within the last 5 years, or other immunocompromis-
ing conditions, and steroid use were excluded. Inclu-
sion criteria included controlled hypertension, occa-
sional aching joints from arthritis and not taking
daily non-steroidal anti-inflammatory drugs or aceta-
minophen, and controlled diabetes. The average age
for adults was 30 years (range 24-36 years), whereas
for older adults, it was 73 years (range 67—83 years)
(Supplemental Table 1). We examined the induction
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of the IFN-a, IFN-y, IL-1p, TNF-a, and IL-6 in
PBMCs from the two groups after 24-h stimula-
tion with LPS/IFN-y, RIG-I agonist (3p-hpRNA), or
cGAS-STING agonist by multiplex bead assay. LPS/
IFN-y and RIG-I agonists are commercially available
whereas the cGAS-STING agonist herein termed G10
was developed and provided to us by a group at the
Vaccine and Gene Therapy Institute at Oregon Health
and Science University [29]. G10 has been found to
trigger IRF3/IFN and STING activation in human
fibroblasts in an indirect manner, as G10 does not
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Fig.1 Age negatively affects type I IFN and cytokine pro-
duction. a—e Human PBMCs from the blood of younger
(age, 24-36 years; n=9) and older (age, 67-83 years; n=9),
healthy donors were either stimulated with LPS/IFN-y, G10,
a cGAS-STING-specific agonist or transfected with a retinoic
acid—inducible gene I (RIG-I)-specific 3p-hpRNA ligand, or
left unstimulated. The unstimulated control for LPS/IFN-y
is complete RPMI, the control for RIG-I is LyoVec only, and
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bind to STING [30]. Supernatants from unstimulated
(baseline) PBMCs from older donors showed some
increase in IL-6, IL-1p, and IFN-y compared to those
from adults but did not reach significance (Fig. 1).
However, the antiviral cytokine IFN-o (Fig. 1la)
and the pro-inflammatory cytokines IFN-y, IL-6,
and IL-1p (Fig. 1b—d) were significantly secreted
at lower levels in PBMCs (n=11 biologically inde-
pendent donors per group) from older participants
compared to adults after stimulation. Specifically,
PBMCs from adult and older participants were able
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the control for G10 is DMSO. The supernatant was collected
from PBMC:s of all donors 24 h after stimulation and analyzed
by Luminex bead-based assay to measure IFN-o (a), IFN-y
(b), IL-6 (c), IL-1f (d), or TNF-a (e) secretion. All concen-
trations were measured using the human ProcartaPlex 5 Plex
from Invitrogen. Data are means + SEM. *p <0.05, **p <0.01,
***¥p <0.001, ¥***p<0.0001 unpaired, non-parametric Mann—
Whitney U test
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to produce IFN-a in response to LPS/IFN-y, RIG-I,
and STING agonists; however, the production of this
cytokine was reduced in old individuals in response
to all these stimulations (p value=0.0008 for LPS/
IFN-y, p value=0.0141 for RIG-I agonists, and p
value=0.0449 for STING agonist) (Fig. 1a). Simi-
larly, IFN-y was secreted from both groups; however,
older participants produced lower levels in response
to LPS/IFN-y (0.0403), RIG-I agonist (0.0482),
and STING agonist (0.0992) (Fig. 1b). Addition-
ally, IL-6 and IL-1p production was also detected in
both groups; however, at significantly reduced levels
in older subjects (p<0.0001 [IL-6] and p=0.0001
[IL-1B] for LPS/IFN-y stimulation and p=0.0185
[IL-6] and p=0.0076 [IL-1p] for RIG-I stimulation)
(Fig. 1c, d). We did not observe age-related differ-
ences in IL-6 and IL-1p production in response to
STING agonist or in TNF-a production in response
to the 3 different stimulations (Fig. le). A corre-
lational analysis was also performed to determine
whether individuals who produced high levels of a
particular cytokine, i.e., IFN-y in response to RIG-I
agonist, similarly produced high levels of any other
cytokine such as IFN-a. As expected, most cytokine
levels strongly correlated with one another, and this
result was independent of age (Fig. 2a—f). Overall,
these results suggested an impairment in the ability of
PBMC:s from older subjects to respond to a variety of
innate immune stimulus.

Aging impairs the phosphorylation of IRF7 in
response to TLR7/8 and RIG-I ligation

To analyze the specific defects in viral innate signal-
ing that arise from age, we measured the phosphoryla-
tion and activation status of several key molecules in
each pathway in response to pathway-specific agonist
in peripheral blood monocyte and DC subsets as a
function of age. Type I IFN production in response to
a single-stranded RNA virus like influenza or SARS-
CoV-2 can originate from multiple pathways including
the TLR7/8 and RIG-I signaling pathways [31]. We
would like to note that the impaired production in older
PBMCs was not due to differences in TLR expression
on DC and monocyte subsets (Supplemental Fig. 2) or
due to altered cell numbers [6, 7, 32]. In fact, examin-
ing the same study cohort, we have previously reported
that the frequencies and the absolute numbers of the
monocyte and dendritic cell subsets are not changed
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between adult and older donors [7]. Thus, we reasoned
that the defect in type I IFN production could be due
to impaired intracellular signaling. We first investi-
gated at which point in the IFN induction pathway the
monocytes and DCs failed to signal. Unstimulated cells
showed similar IRF7 phosphorylation regardless of age
(Supplemental Fig. 4). Figure 3a depicts the raw mean
fluorescence intensity (MFI) of a representative subject
showing levels of pIRF7 in unstimulated (black, dotted)
PBMCs from a young donor and an apparent increase
in MFI only in adult participants (blue) after the 24-h
stimulation with our RIG-I agonist compared with
older adult donors (red). After stimulation with LPS/
IFN-y (TLR4), CLO97 (TLR7/8), or 3p-hpRNA/Lyo-
Vec (RIG-I) at 15 min (Fig. 3b—d) and a later time point
(24 h for RIG-I, Fig. 4d), the subsequent phosphoryla-
tion of IRF7 was found to be significantly lower in
CD14%mCD16* monocytes, CD14*CD16% monocytes,
¢DCl1, and cDC2 subsets when compared with healthy
adult controls (Fig. 3a—d). Specifically, we observed
a significant pIRF7 increase in cDC1 from adults in
response to LPS/IFN-y (p <0.0026) and RIG-I agonist
(p=0.0087) after 15 min and the pIRF7 levels persisted
in adults after the 24-h RIG-I stimulation (p=0.0260).
In cDC2 however, we observed a significant increase in
pIRF7 in adults in response to LPS/IFN-y (p <0.0238),
CL097 (p<0.0029), and RIG-I agonist (p=0.0152)
at 15 min. IRF7 phosphorylation in monocyte sub-
sets is depicted in Fig. 3b—d. We observed significant
pIRF7 in adults in response to LPS/IFN-y (p=0.0618),
CL097 (p=0.0009), and RIG-I agonist (p=0.0087) in
CD14%™CD16* at 15 min that is maintained in RIG-
I-stimulated cells after 24 h. We also observed signifi-
cant pIRF7 phosphorylation in CD14tCD16" in adults
compared to older participants (p=0.0391) following
stimulation of CL097. At 45 min, there was no differ-
ence between pIRF7 levels after stimulation with LPS/
IFN-y and CLO97 (data not shown). These data sug-
gested that IRF7 phosphorylation could be impaired in
different monocyte and dendritic cell subsets in older
individuals, and this could affect the response produc-
tion of antiviral and helper cytokines.

Aging impairs the TBK-1 phosphorylation in
response to TLR7/8 and RIG-I ligation

Because of the level of cross-talk associated with the
antiviral pathways, we examined TBK-1, a key kinase
in the RIG-I and cGAS-STING pathway that directly
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Fig. 2 Type I IFN and cytokine production is positively cor-
related. a—f The supernatant was collected from PBMCs of all
donors (9 old and 9 young) 24 h after stimulation and analyzed
by Luminex assay to measure IFN-a, IFN-y, IL-1p, TNF-a, or

phosphorylates IRF3 and IRF7 after sensing either a
dsRNA intermediate or dsDNA [33]. Similar to what
we observed for the phosphorylation of IRF7, unstim-
ulated cells showed similar TBK-1 phosphorylation
except in cDC2, where levels were increased in older
donors compared to adults (p =0.0400) (Supplemen-
tal Fig. 4b). Figure 4a depicts a raw MFI flow plot
showing levels of pTBK-1 in unstimulated (black dot-
ted line) PBMCs from an adult donor and an increase
in MFI in adult (blue) compared to an older donor
(red) after the 24-h stimulation with G10, our STING
agonist. After stimulation with LPS/IFN-y (TLR4)
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IL-6 secretion as described in Fig. 1. Each point represents one
donor (red for old and blue for young). Pearson’s correlation
test was used for all correlation graphs. n=9/group. *p <0.05,
*#p <0.01, ****p <(0.0001

(Fig. 4b) and 3p-hpRNA/LyoVec (RIG-I) or GI10
(cGAS-STING)-specific agonists at 24 h (Fig. 4b—d),
the subsequent phosphorylation of TBK-1 was
impaired in ¢cDC1, and cDC2 dendritic cells and
CD14%™CD16* monocytes in older participants when
compared with adult controls (Fig. 4b—d), suggest-
ing a potential for impaired cross-presentation and
activation of CD8" T cells or polarization of CD4*
T cells through the secretion of IL-12 during a viral
infection [11, 34]. Specifically, we observed a signifi-
cant pTBK-1 increase in ¢cDC1 from young subjects
in response to LPS/IFN-y (p=0.0096) after 15 min.
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That difference persisted after 24 h of stimulation
with LPS/IFN-y (p=0.0796) and was significantly
increased in response to the G10 STING agonist
(»=0.0013). We did not see an increase after stimu-
lation with the RIG-I agonist for 24 h (p=0.1964).
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24 hr

In cDC2, we observed that there was a significant
increase in pTBK-1 of younger donors across all stim-
ulations including LPS/IFN-y at 15 min (p=0.0277)
and LPS/IFN-y (p=0.0128), RIG-I agonist
(»p=0.0152), and STING agonist (p=0.0301) at 24 h
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«Fig.3 Monocyte and DC subsets from older individuals
are impaired in interferon response factor 7 (IRF7) phospho-
rylation. Human PBMCs from the blood of younger (age,
24-36 years; n=11) and older (age, 67-83 years; n=11)
healthy donors were either stimulated with LPS/IFN-y or
CLO97, a TLR7/8-specific agonist, or transfected with a RIG-
I-specific 3p-hpRNA ligand. For unstimulated and control
conditions, refer to Fig. 1. a Representative flow plot for data
presented in b—d. Using these plots, the fold change of pIRF7
MFI was calculated using the unstimulated as the control.
b—d PBMCs were either stimulated with LPS/IFN-y, CLO97,
or RIG-I agonist or left unstimulated for 15 min or 24 h.
Cells were permeabilized, fixed, and stained for phosphoryl-
ated IRF7 transcription factor. After gating on monocyte and
DC subsets, the geometric mean intensity (MFI) was meas-
ured using Phosflow cytometry. Data are means. *p<0.05,
**p<0.01, ***p<0.001, unpaired, non-parametric Mann—
Whitney U test

post-stimulation. TBK-1 phosphorylation in mono-
cyte subsets is shown in Fig. 4b—d. We observed sig-
nificant increases in the phosphorylation of TBK-1 in
response to LPS/IFN-y at 15 min (p=0.0034) which
did not persist after 24 h post-stimulation (p=0.1513)
and in response to the STING agonist after the 24-h
stimulation (p=0.0129) in CDI14%™CD16* mono-
cytes when compared with adult counterparts. Sig-
nificant decreases in the phosphorylation of TBK-1
after RIG-I stimulation with aging suggest that the
impaired phosphorylation of IRF7 in the RIG-I path-
way is a consequence of impaired upstream TBK-1
activation.

Induction of the cGAS-STING pathway is impaired
with age

The most pronounced output of IFN in response to
cytosolic DNA accumulation or DNA viral infection is
due to the cGAS-STING pathway [35]. In the cGAS-
STING pathway, DNA-sensing receptor cGAS is acti-
vated by cytosolic DNA that leads to the endogenous
generation of the second messenger cyclic GMP-AMP
which then binds to STING and activating TBK-1,
resulting in the production of type I IFN [36].

Here, we examined STING activation in response
to G10. To determine this, we performed phos-
phorylation flow cytometry staining of LPS/
IFN-y, RIG-I, and cGAS-STING activation. Fig-
ure Sa shows an example of raw MFI data showing
unstimulated levels (black, dotted), and increased
activation of STING in an adult (blue) compared
to an older participant (red) in response to the G10

agonist after 24 h. After stimulation with LPS/
IFN-y (TLR4) (Fig. 5b), the subsequent activation
of STING was impaired in cDC1 (p=0.0018) and
cDC2 (p=0.0024) at 15 min post-stimulation. After
24 h post-stimulation with G10, the defect in STING
expression did not persist in ¢cDC1 or ¢cDC2 after
stimulation with either LPS/IFN-y, RIG-I, or G10
STING agonist. This initial deficit in the STING
pathway in ¢cDC1 and c¢cDC2 has implications in
antiviral activity against emerging alphaviruses like
Chikungunya virus, Venezuelan equine encephalitis
virus, and Sindbis virus, for which this pathway has
specifically been shown to protect against with acti-
vation [37].

Phagocytosis in monocytes and DCs from older
donors is impaired in response to pathway-specific
stimulus

Defects in primary TLR7/8, RIG-I, and cGAS-
STING signaling caused by the decrease in phos-
phorylation of transcription factors and molecules
like IRF7, TBK-1, and STING could lead to defects
in functional roles like phagocytosis, dendritic
cell maturation, and antigen presentation. We
performed a phagocytosis assay by stimulating
PBMCs for 24 h with pathway-specific agonists
and incubating with fluorescent beads (0.04 um)
for a further 3-h period to examine the efficiency
of being taken up by cells. Figure 6a depicts a rep-
resentation of our phagocytosis assay as a meas-
ure of MFI change after 24 h of stimulation with
the G10 agonist. The green dotted line represents
the no bead control whereas the black dotted rep-
resents our unstimulated condition, and the red
and blue histograms represent an older and an
adult donor, respectively. At unstimulated baseline
(Fig. 6b), older ¢cDCI1 had significantly impaired
phagocytosis (p =0.0003) (Fig. 6b). After stimula-
tion with LPS/IFN-y and RIG-I, cDC1 from older
donors still had significantly decreased phago-
cytic activity when compared with adult counter-
parts (LPS/IFN-y, p=0.0116; RIG-I, p=0.0022).
Importantly, in response to the RIG-I agonist,
phagocytosis in c¢DC2 from older donors was
decreased (p=0.0002) (Fig. 6c). Phagocytosis
by monocyte subsets is depicted in Fig. 6d and e.
We observed significant decreases in phagocytosis
in CD14%™CD16% monocytes of older donors in
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response to the G10 STING agonist (p <0.0001)
(Fig. 6d). We also observed a significant increase
in phagocytosis in CDI4*CD16~ classical
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monocytes in older donors compared with adult
counterparts (p=0.0495) after STING stimulation
(Fig. 6e). These data suggest an induced defect in
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«Fig. 4 Monocyte and DC subsets from older individuals are
impaired in TANK-binding kinase (TBK) phosphorylation.
Human PBMCs from the blood of younger (age, 24-36 years;
n=11) and older (age, 67-83 years; n=11) healthy donors
were either stimulated with LPS/IFN-y, G10, a cGAS-
STING-specific agonist, or transfected with a RIG-I-specific
3p-hpRNA ligand. a Representative flow plot for data pre-
sented in b—d. Using these plots, the fold change of pTBK-1
MFI was calculated using the unstimulated as the control.
b-d PBMCs were either stimulated with LPS/IFN-y, G10, or
the RIG-I agonist or left unstimulated for 15 min and 24 h.
Cells were permeabilized, fixed, and stained for phosphoryl-
ated TBK-1. After gating on DC and monocyte subsets, the
MFI was measured using Phosflow cytometry. Data are means.
*p <0.05, **p <0.01, non-parametric Mann—Whitney U test

the function of DC and monocyte subsets of older
individuals which impacts vaccine efficacy and
infection.

Discussion

It is a widely accepted fact that aging is associated
with increased morbidity and mortality to many
viral infections, the most notable today being SARS-
CoV-2 or COVID [38]. Multiple factors contribute
to this increase in susceptibility including impaired
vaccine responsiveness and creation of immuno-
logical memory [3, 39]. While the adaptive immune
response to aging has been extensively studied, the
more important branch of immunity, innate immu-
nity, has remained incompletely and poorly under-
stood [3, 4, 40]. We have previously reported that IFN
production and gene expression in response to PRR
agonist stimulation are distinctly impaired in periph-
eral blood mononuclear cells (PBMCs) and monocyte
subsets from older, healthy human donors [6, 7]. To
develop successful therapeutic strategies for this vul-
nerable population, it is essential to further understand
the underlying nature of this defect. Using primary
PBMC:s from older and adult healthy donors, we dem-
onstrated that cells from older participants exhibit
a defect in type I IFNs and IL-1f and in cytokines
important for T cell differentiation such as IL-6 and
IFN-y (Fig. 1). We have also identified three main
defects in innate antiviral signaling that align with this
decrease in IFN production, each denoting a different
antiviral pathway. Decreased phosphorylation of IRF7
and TBK-1 in CDI14%™CD16% monocytes, c¢DCI,
and cDC2 from older donors impairs the production

of IFN downstream of TLR7/8 and RIG-I pathways
in primary antiviral responses and the ability of these
cells to respond quickly to viral infection. TBK-1 not
only induces innate antiviral type I IFNs but also has
much broader functions including support for efficient
antibody responses and autophagy. Recent studies
have shown that TBK-1 associates with inducible T
cell co-stimulator (ICOS) and is involved in the dif-
ferentiation of germinal center (GC) TFH cells and the
development of B cell responses [41]. Consequences
of decreased TBK-1 activity due to aging may cur-
tail humoral immunity through this ICOS-driven GC
pathway. Of note, we and others have not seen any
impairment in TNF-a production following stimula-
tion with TLR or RLR agonist. This led us to postu-
late that NF-kB and mitochondrial antiviral-signaling
protein (MAVS) signaling is still intact in the elderly
This led us to postulate that NFkB and mitochon-
drial antiviral-signaling protein (MAVS) signaling is
still intact in older adults. [32, 42]. We also show that
this weakened response leads to dampened activation
of STING in the cGAS-STING pathway. STING has
been shown to regulate an array of innate immunity
pathways including autophagy and other cell death
pathways like apoptosis. STING-dependent autophagy
responses are important for clearing DNA from the
cytosol and for activating protective responses against
viruses such as West Nile and dengue viruses [43].
Lowered STING activation with aging could be con-
tributing to less effective viral clearance mechanisms
[44]. These data corroborate that older population has
a delayed early phase and non-productive late phase of
the response to pathogens, resulting in increased dis-
ease severity and poor vaccination responses.

We show that the impairment of IFN production
affects monocyte and DC subset phagocytic ability in
response to agonist. We believe that the lack of IFN
production leads to dampening of the IFN feed-for-
ward loop prompting type II IFN, IFN-y, impairment
(Fig. 1b). IFN-y is a regulator of the critical antiviral
immune response and affects the phagocytic func-
tion of monocytes, ILCs, and DCs and mediates early
attrition of existing memory CD8* T cells in response
to viral infections in mice and humans [45-47]. This
function is critical not only to achieving a rapid and
efficient clearance of viral pathogens, but also to initi-
ating antigen presentation and IL-12 production [11].
In this study, we see a reduction in the phagocytic
ability of CD14%™CDI16% monocytes, ¢cDCI1, and
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«Fig. 5 Monocyte and DC subsets from older individuals are
impaired in ¢cGAS-STING activation. Human PBMCs from
the blood of younger (age, 24-36 years; n=11) and older
(age, 67-83 years; n=11) healthy donors were either stimu-
lated with LPS/IFN-y, G10, a cGAS-STING-specific ago-
nist, or transfected with a RIG-I-specific 3p-hpRNA ligand.
a Representative flow plot for data presented in b—d. Using
these plots, the fold change of STING MFI was calculated
using the unstimulated as the control. b—-d PBMCs were either
stimulated with LPS/IFN-y, G10, or the RIG-I agonist or
left unstimulated for 15 min and 24 h. Cells were permeabi-
lized, fixed, and stained for STING. After gating on DC and
monocyte subsets, the median intensity (MFI) was measured
using flow cytometry. Data are means. *p <0.05, **p <0.01,
p<0.001, non-parametric Mann—Whitney U test

¢DC2s (Fig. 6). CD14%™CD16% monocytes respond
to viral infection in the endothelium and are common
responders to respiratory viral infections. A deficit
in type I IFN secretion and phagocytosis in this cell
type partially explain older adults’ susceptibility to
infection including respiratory pathogens like SARS-
CoV-2 and influenza. We also show that cDCls have
defective signaling in TLR7/8, RIG-I, and STING
pathways at early and late time points (Figs. 3, 4,
and 5) which corresponds with less efficient phago-
cytosis. These data have direct implications for adap-
tive immunity in older adults in response to viral
pathogens that do not infect DCs directly, suggest-
ing potential impairment of cross-presentation and
activation of CD8" T cells or polarization of CD4*
T cells through the secretion of IL-12 [11, 34]. Addi-
tionally, we saw that antiviral pathway activation
was decreased in ¢cDC2s from older adults. Several
reports have shown that cDC2s are the dominant
Tth-priming DC subset, due to their ability to traf-
fic to GCs where they occupy the T-B border regions
in secondary lymphoid organs [48-52]. Defects in
this function are likely to result in deficits in antigen
presentation by cDC2s to T cells and, subsequently,
an inability to respond productively to a viral infec-
tion. More research is needed to further elucidate how
aging shapes the cytokine milieu in the GC for Tth
priming in the context of human DC and monocyte
subsets. Paradoxically, phagocytosis was increased
in classical CD14¥CD16~ monocytes in older indi-
viduals. Previous studies in our lab have shown that
CD14*CD16~ monocytes from older individuals
have significantly higher expression of C-X3-C motif
chemokine receptor 1 (CX3CR1) under non-stimu-
lated conditions and, therefore, could be trafficking

with greater efficiency to tissues and contributing
to degenerative effects in the heart and other organs
[7]. Taken together, these results demonstrate that
the ability of older adults to induce IFNs is compro-
mised in multiple antiviral pathways, which, in turn,
affects the efficiency of phagocytosis, to the detriment
of antiviral clearance mechanisms. This introduces
potential targets in these pathways toward the goal of
restoring efficient antiviral immunity or overcoming
these deficits via a prospective vaccination strategy.

Unlike cDCs, pDCs showed no significant differ-
ence in the phosphorylation of TLR7/8 and TBK-1 or
in the upregulation of STING in response to pathway-
specific agonists (Supplemental Figs. 5 and 6). Given
that pDCs produce large amounts of type I IFN, the
initial IFN defect in older individuals might be sec-
ondary to downstream immunological functions such
as phagocytosis and, ultimately, antigen presenta-
tion. Decreased phagocytic capacity would result in
decreased antigen presentation to CD8" and CD4*
cells, including Tth cells in the GC. This diminished
function would not only explain the age-related dis-
crepancy in antiviral response but could prove to be
a valuable target in therapeutics aiming to ameliorate
the dampened antigen presentation in older individu-
als. Future studies should aim to shed light on this
potential deficit. However, it is possible we have not
seen changes in this subset due to their lower frequen-
cies in PBMCs.

Learning more about how aging shapes cellular
sensing by TLR and RLR pathways will aid in devel-
oping therapeutic strategies to normalize responses to
vaccines by adjuvantation as well as infection. Two of
the FDA-approved COVID-19 vaccines utilize lipid
nanoparticle (LNP) technology to induce effective
immune responses; however, the mechanism of action
for this vaccine platform is not well characterized.
Existing LNP research has shown that these nanopar-
ticles alone, without mRNA, elicit sensing through
MyD88 and MAVS. More study into this technol-
ogy should aim to elucidate pathways triggered in
monocytes and DCs [53]. The delineation of specific
monocyte and DC subsets is a significant advance-
ment in our understanding of aging innate immunol-
ogy. Due to the diverse range of roles and functions
played by these subsets, broadly labeling them as one
group would not do justice to their importance.

In conclusion, our results demonstrate three key
defects in innate signaling that together play a role in
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bated overnight with a stimulus and with beads for a further

the impairment of IFN-mediated antiviral response
and subsequent antiviral function in monocyte and
DC subsets in older individuals (Fig. 7). First, we
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show that the decreased phosphorylation of TBK-
1, a kinase that phosphorylates IRF7, IRF3, and
NF-xB, results in reduced phosphorylation of the
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Fig. 7 Model of age-induced impairment of IFN signaling
in monocyte and DC subsets. During the initial IFN response
(within minutes) due to ssRNA, dsRNA, or cytosolic DNA
stimulation or infection, the phosphorylation of IRF7 and
TBK-1 or the activation of STING is impaired in older donors
when compared to young counterparts. Once TBK-1 has been
phosphorylated, it goes on either to activate STING or to
stimulate IFN, or initiates the dimerization and phosphoryla-
tion of IRF7 to be translocated to the nucleus to stimulate the

transcription factor, IRF7, in the TLR7/8 and RIG-I
pathways in CD14%™CD16" monocytes, cDCI1, and
cDC2. We further show that this results in altera-
tion of the cGAS-STING and RIG-I pathways within
these cell subsets. Finally, we show pathway-specific
agonist compounds upon immune function, resulting
in decreased phagocytosis by CD14%™CD16™ mono-
cytes, cDC1, and ¢cCD2 from older adults. By illu-
minating new avenues of investigation, therapeutic
strategies targeting IRF7 or TBK-1 can be developed
to boost vaccine responses to viral infections such as
influenza and SARS-CoV-2 to alleviate substandard
vaccine outcomes in the older population.
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