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Abstract: Elderly individuals are highly susceptible to developing severe outcomes as a result of
influenza A virus (IAV) infection. This can be attributed to alterations that span the aged immune
system, which also result in reduced responsiveness to the seasonal inactivated vaccine. Given the
rapidly increasing number of individuals in this age group, it is imperative that we develop strategies
that can better protect this population from IAV-associated disease. Based on our previous findings
that the TLR7/8 agonist resiquimod (R848) could efficiently boost responses in the newborn, another
population with decreased vaccine responsiveness, we evaluated this adjuvant in an elderly African
green monkey (AGM) model. AGM aged 16–24 years old (equivalent to 64–96 in human years) were
primed and boosted with inactivated A/PuertoRico/8/1934 (H1N1) (IPR8) alone or directly linked
to R848 (IPR8-R848). We observed increases in the level of circulating virus-specific IgM antibody
10 days following primary vaccination in AGM that were vaccinated with IPR8-R848, but not IPR8
alone. In addition, there were significant increases in virus-specific IgG after boosting selectively
in the IPR8-R848 vaccinated animals. These findings provide insights into the ability of R848 to
modulate the aged immune system in the context of IAV vaccination.
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1. Introduction

Influenza A virus (IAV) infections place a significant burden on public health in the
US, with the CDC estimating 12,000–52,000 deaths occurring annually between 2010 and
2020 as a result of IAV infections (https://www.cdc.gov/flu/about/burden/index.html,
accessed on 5 January 2022). The elderly have an increased risk of developing severe
disease, with individuals aged 65 years and older accounting for 50–70% of seasonal
influenza-related hospitalizations and 70–85% of influenza-related deaths every year (https:
//www.cdc.gov/flu/highrisk/65over.htm, accessed on 5 January 2022). Thus, there is a
significant need for strategies that can improve protection from severe disease and death in
this vulnerable population.

While influenza vaccination has significantly reduced disease burden in the population
as a whole, the immunogenicity of the standard inactivated vaccine is reduced in elderly
individuals compared to young adults [1,2], with a review of 67 studies led by Rivetti et al.
concluding that standard vaccine effectiveness against influenza-like disease is only 23% in
individuals ≥ 65 years of age [3]. There are currently 2 vaccine options approved in the US
for people over the age of 65: a high-dose inactivated influenza vaccine or an inactivated
influenza vaccine adjuvanted with MF59. The high-dose influenza vaccine has four times
the hemagglutinin (HA) antigen present in the standard vaccine. Whilst there are studies
supporting higher levels of protection from disease and mortality as a result of high-dose
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vaccination [4,5], there are also conflicting reports [6]. A study supporting the benefit of
the high-dose vaccination showed a 22% reduction in influenza-related visits compared to
the standard dose of a vaccine in elderly patients [4]. Another study in individuals over
the age of 65 showed significant increases in IAV-specific antibody production in response
to high-dose vaccination compared to standard-dose influenza vaccination [5]. An MF59-
adjuvanted influenza vaccine has been approved for individuals over the age of 65 in the
US based on studies showing improved efficacy in the elderly when compared to standard
vaccination [7,8]. The MF59-adjuvanted trivalent inactivated vaccine showed 58% efficacy
compared to the non-adjuvanted influenza vaccine, which was ineffective [7]. Although
both high-dose and MF59-adjuvanted influenza vaccines have improved efficacy in the
elderly compared to standard influenza vaccines, protection rates still remain lower than
desired, with a large number of individuals remaining susceptible to severe IAV infection.

Reduced vaccine responsiveness and increased IAV susceptibility in the elderly are
both the result of changes that occur in the aging immune system. A well-described charac-
teristic of aging is chronic activation of the immune system that results in higher baseline
inflammation, a process known as “inflammaging” [9,10]. Cells of the innate immune
system are responsible for the increased inflammation, as they produce proinflammatory
cytokines in response to factors associated with aging, i.e., cellular senescence, mitochon-
drial dysfunction, autophagy, DNA damage, chronic infections such as cytomegalovirus
(CMV), or activation of the inflammasome [9]. Cells from elderly individuals also have im-
pairments in dendritic cell (DC) function, including decreased phagocytosis, migration, and
cytokine production [11–13]. Impaired cytokine production reported in aged DC has been,
in part, associated with poor influenza vaccine responsiveness, as seroconversion in the
elderly is highly correlated with the ability of DC to produce the appropriate cytokines [12].
The pool of naïve T and B cells is also reduced, with memory cells predominating. Memory
T cells often exhibit characteristics of immunosenescence, including decreased prolifera-
tion and reduced survival and T cell receptor (TCR) breadth [14]. Studies also support
the expansion of T regulatory cells (Tregs) [15], which has been reported to contribute to
decreased IAV vaccine responsiveness [16]. Memory B cells are also impacted, exhibiting a
reduced ability to differentiate into plasma cells [17]. Together, the impairments that span
the innate and adaptive arms of the aging immune system lead to a marked decrease in the
production of high-affinity antibodies in response to influenza vaccination [18,19].

As our understanding of accessory signals that drive potent immune responses increases,
so has our ability to modulate the immune system to promote effective vaccine responses. One
such approach is through the use of toll-like receptor (TLR) agonists as vaccine adjuvants [20].
TLRs are broadly distributed on innate and adaptive immune cells, and their engagement
promotes robust cellular activation/maturation following microbial infection. Thus, multiple
cell types, including T cells, B cells, and DC, can be modulated by TLR ligands. The majority
of TLRs are expressed at the cell surface, but a subset (TLR3, TLR7, TLR8, and TLR9) resides
within endosomes [21]. This subset of TLR recognizes nucleic acid structures, i.e., dsRNA
(TLR3), ssRNA (TLR7 and 8), and unmethylated CpG (TLR9).

Using a nonhuman primate (NHP) model, our lab has shown that the TLR7/8 agonist
resiquimod (R848) directly conjugated to inactivated IAV can induce potent immune
responses in newborns [22–25], mitigating the suboptimal responsiveness to vaccination
in this age group. NHPs are a highly relevant animal model for the assessment of this
approach as they have a similar TLR distribution and function to humans [26]. Our
promising findings in the newborn led us to explore the possibility that this may be
a useful approach in the elderly. There is evidence to support the utility of TLR7/8
agonists delivered topically in the context of elderly influenza vaccination. In a randomized,
controlled, double-blinded study, individuals between 66.8 and 78.3 years of age received
an intradermal inactivated influenza vaccine together with a topical cream that contained
imiquimod, an R848-related imidazoquinoline, or a vehicle control. A total of 90% of
patients who received the imiquimod seroconverted compared to 39% who received the
vehicle control [27].
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Here, we investigated the effect of R848 to increase antibodies generated to an inacti-
vated IAV vaccine in an elderly African green monkey (AGM) NHP model.

2. Materials and Methods
2.1. Animals

AGM aged 16–24 years old (equivalent to a 64–96-year-old human) were used in
these studies. Animals were housed at the Vervet Research Colony at the Wake Forest
School of Medicine. A total of 7 animals were assigned to each vaccine group based on
pre-vaccine influenza-specific antibody (measured within 45 days prior to vaccination)
and sex. Assignment ensured similar starting ranges of influenza-specific IgG and similar
distributions of male and female animals. The animal care and use protocol was adherent to
the US Animal Welfare Act and Regulations and approved by the Institutional Animal Care
and Use Committee. The AGM were housed and cared for in accordance with state, federal,
and institute policies in facilities accredited by the American Association for Accreditation
of Laboratory Animal Care (AAALAC) under standards established in the Animal Welfare
Act and the Guide for the Care and Use of Laboratory Animals.

2.2. Vaccinations

Animals were vaccinated with inactivated A/PuertoRico/8/1934 (H1N1) (IPR8) (ob-
tained from Charles River) either directly conjugated to R848 (IPR8-R848) [28] or left
unconjugated. The R848-conjugated vaccine was prepared by linking a derivative of R848
that was modified to contain a primary amine [24] directly to PR8 virions in a 2-step process
using a sulfhydryl cross-linker, GMBS (Thermo Scientific, Waltham, MA, USA), as previ-
ously described [28]. R848 was incubated with the GMBS cross-linker for 24 h. The free
amine in R848 binds to the N-hydroxysuccinimide portion of the GMBS cross-linker. The
R848-GMBS conjugate was then incubated with PR8 for 2 h at 37 ◦C. The maleimide portion
on GMBS binds free thiols on the PR8 virion. PR8-R848 was dialyzed for 2 h and then again
overnight before being inactivated with 0.74% formalin. Each vaccine contained 45 µg of
PR8. The vaccine was administered intramuscularly in the deltoid muscle of the animal in
500 µL of phosphate-buffered saline (PBS). Animals were boosted 21 days post-vaccination
(p.v). Seven animals received IPR8, and seven animals received IPR8-R848.

2.3. ELISA for Detection of IAV-Specific Antibody

Nunc MaxiSorp Elisa plates were coated with 1 µg/well of PR8 in sodium carbon-
ate/bicarbonate coating buffer (pH 9.5) overnight at 4 ◦C. Plates were blocked with 1X
Blocking Buffer (10X Casein Blocking Buffer, Sigma-Aldrich, St. Louis, MO, USA) plus
2% goat serum (Lampire Biologicals, Pipersville, PA, USA) for 1 h and then washed. The
wash buffer contained PBS with 0.1% Tween 20. Plasma samples were serially diluted in
1X blocking buffer. Wells that contained no virus served as a negative control. Horseradish
peroxidase (HRP)-conjugated antibody specific for monkey IgG (Fitzgerald, Acton, CA,
USA) or IgM (LifeSpan Biosciences, Seattle, WA, USA) was used to detect bound antibodies.
Plates were developed using 3,3′,5,5′-Tetramethylbenzidine dihydrochloride (TMB)(Sigma-
Aldrich, St. Louis, MO, USA) and read at 450 nm on a Elx800 Absorbance Microplate
Reader (BioTek, Winooski, VT, USA). For each dilution, the OD from the non-virus-coated
wells was subtracted from the virus-coated wells. The threshold titer was defined as the
value that reached 3X the assay background, i.e., wells that only received 1X blocking
buffer + virus (no sample). Fold change was determined by dividing the threshold titer at
each given time point by the d0 threshold titer.

2.4. ELISA for the Detection of HA Stem-Specific Antibody

ELISA microplates (96-half well) (Greiner bio-one) were coated with 100 ng/well of
recombinant A/California/04/2009 (Ca09)(H1N1) stabilized stem [29] in PBS overnight at
4 ◦C. The plates were blocked with 1X blocking buffer (10X Casein Blocking Buffer, Sigma-
Aldrich) plus 2% goat serum (Lampire Biologicals) for 1 h and then washed. Wash buffer
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contained PBS with 0.1% Tween 20. Plasma samples were serially diluted in 1X blocking buffer.
Wells that contained no virus served as a negative control. HRP-conjugated antibodies specific
for monkey IgG (Fitzgerald) were used to detect bound antibodies. Plates were developed
using TMB (Sigma-Aldrich) and read at 450 nm on a BioTek Elx800 Absorbance Microplate
Reader. For each dilution, the OD from the non-virus-coated wells was subtracted from
the virus-coated wells. Threshold titer was defined as the value that reached 3X the assay
background, i.e., wells that only received 1X blocking buffer + stabilized stem (no sample).

2.5. Hemagglutinin Inhibition Assay

AGM plasma was treated with receptor-destroying enzyme (RDE) (Sigma-Aldrich)
of Vibrio cholera filtrate overnight at 37 ◦C. Samples were then heat-inactivated with
2.5% sodium citrate for 30 min at 37 ◦C. The RDE-treated plasma was then serially diluted
and was incubated with 8 HAU/well of PR8 for 30 min before transferring to chicken
red blood cells (cRBC) (Lampire Biologicals) for 45 min on ice. Neutralization titers were
determined by the last column of wells, where cRBCs formed a button.

2.6. Avidity

Avidity assays were performed as the ELISAs described above with the addition of a
NaSCN dissociation step following sample incubation. To normalize the total amount of
antibody in the assay, the plasma dilution used was determined for each animal based on
the dilution that yielded 50% of the MAX OD450 in the ELISA binding curve. Following
incubation with plasma, 2-fold dilutions of NaSCN starting at 5M were added to each
plate for 15 min. Plates were then washed, and the HRP-conjugated antibody specific
for monkey IgG (Fitzgerald) was used to detect bound antibodies and developed like the
ELISA assay. The 50% maximum inhibitory concentration (IC50) was calculated using
GraphPad Prism software.

2.7. Statistical Analysis

We conducted power calculations using PASS 13 software where 7 animals in each
vaccine group would be required to reach 80% power to detect a difference of 1.86 standard
deviations (SD) between the groups using a compound symmetry covariance structure and
a correlation between repeated observations of 0.5 with alpha = 0.05 (2-sided). Based on our
data, the estimated SD was, at most, 1.5, and the correlation between repeated observations
was 0.58. Using these inputs, we can detect a difference of 1.86 titer units with 80% power
and alpha = 0.05 (2-sided test). IgM and IgG levels (fold-changes) were compared between
(IPR8 vs. IPR8-R848) and within (d0 vs. d10 p.v., d21 p.v., d10 p.b., and d21 p.b.) groups
using longitudinal mixed models. In these models, the individual animals were considered
as random effects, while time, group, and time-by-group interactions were considered
as fixed effects. In order to account for multiple comparisons (with d0 values), Tukey’s
method was used to identify significant differences [30]. The mixed-effects models were
performed using Proc Mixed in SAS v9.4.

3. Results
3.1. Elderly Vaccination

AGM aged 16–24 years old (equivalent to 64–96 years in humans) were vaccinated with
formalin-inactivated PR8 virus (H1N1) (IPR8) alone or directly linked to a TLR7/8 agonist
R848 (IPR8-R848). We utilized an amine derivative of R848 [24] that allowed linkage to an
N-hydroxysuccinimide (NHS) group on the GMBS cross-linker. Subsequently, the R848-GMBS
was conjugated to the virus via free thiol groups accessible on the surface of the PR8 virion [28].
Following R848 conjugation, the vaccine was inactivated with formalin [28].

We assigned seven animals to each vaccine group based on pre-existing antibody titers
and sex to ensure similar starting ranges of influenza-specific IgG and similar distributions of
male and female animals (Table 1). Animals were vaccinated with either IPR8 or IPR8-R848
on d0 and were boosted on d21 post-vaccination (p.v.). Femoral blood draws were performed
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at d10 and 21 p.v. and post-boost (p.b.) to assess circulating levels of IAV-specific antibody
and IAV-specific T cell responses. The overall experiment design is shown in Figure 1A.
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Figure 1. R848 adjuvantation promotes increased levels of antibody after primary vaccination in
elderly AGM. (A) Elderly AGM were vaccinated with 45 µg of IPR8 (n = 7) or R848-adjuvanted IPR8
(n = 7) by intramuscular injection. On d21 p.v., animals were boosted with the same vaccine they
received as a prime. Blood was drawn on the day of vaccination (d0), d10 p.v., d21 p.v., d10 p.b.,
d21 p.b., and d99-100 p.b. The levels of circulating PR8-specific IgM (B) and IgG (C) were quantified
from the plasma by ELISA (PR8 coated on well at 1 µg per well). Threshold titer (TT) is defined
as the highest dilution at which the sample’s optical density was at least 3 times that of the assay
background. Fold change was determined by dividing the threshold titer at each time point by the
d0 TT. Each animal is designated by a distinct symbol; these symbols are consistent across time points
to allow for longitudinal visualization of each individual response. Antibody levels (fold changes)
were compared within (d0 vs. d10 p.v., d21 p.v., d10 p.b., or d21 p.b.) groups using longitudinal
mixed models. In these models, the individual animals were considered as random effects, while
time, group, and time-by-group interactions were considered as fixed effects. In order to account for
multiple comparisons (with d0 values), Tukey’s method was used to identify significant differences.
The mixed-effects models were performed using Proc Mixed in SAS v9.4. * p = < 0.05, ** p = < 0.01.
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Table 1. Characteristics and threshold titer of vaccine-specific IgG titer prior to vaccination.

Vaccine Age Sex TT IgG

IPR8 18.1 F 1600
18.9 M 1600
17 M 200

19.2 F 50
18.4 F 400
17 F 200

16.2 F 50
IPR8-R848 17.1 F 100

17.1 F 400
19.2 M 800
21.2 F 400
18.3 M 50
17.1 F 200
16.2 F 100

3.2. R848 Adjuvantation Increases IgM Production after Primary Vaccination with Inactivated
IAV Vaccine

Firstly, we wanted to assess the kinetics of circulating levels of total IAV-specific
IgM in vaccinated AGM over time. IAV-specific IgM was assessed by ELISA using the
PR8 H1N1 virus (Figure 1B). We used fold change in antibody as our measure given the
differences among animals in the antibody level prior to vaccination. When we compared
the two groups over time, we found a significant time by group interaction (p = 0.039),
suggesting that the change in IgM values over time were different between the 2 groups
(IPR8 vs. IPR8-R848). We then examined within-group changes in IgM over time. Here we
found that animals vaccinated with IPR8 did not show significant increases in IAV-specific
IgM until d10 p.b., and this was lost by d21 p.b. (Figure 1B (left panel)). In contrast, we
saw a significant increase in IAV-specific IgM at d10 p.v. in animals that were vaccinated
with IPR8-R848 (Figure 1B (right panel)). Thus, the IPR8-R848 group demonstrated a
considerably earlier (d10 p.v.) increase in IgM compared to the IPR8 group; however, the
slope of the decline in IgM after d10 p.v. was steeper in the IPR8-R848 group than the
IPR8 group.

We next measured total IAV-specific IgG in vaccinated AGM over time (Figure 1C).
When we compared the two groups over time, there was not a significant difference
between the group interaction (p = 0.82), suggesting that the change in IgG values over
time were not different between the 2 groups (IPR8 vs. IPR8-R848). We then examined
within-group changes in IgG over time. A significant increase in IAV-specific IgG fold-
change was observed at both d10 and 21 p.b. in IPR8-R848 vaccinated animals (Figure 1C
(right panel)). No significant increases were detected in animals vaccinated with IPR8
alone (Figure 1C (left panel)). These data show that IPR8-R848 drives an increase in IgG
after the boost. We also evaluated animals at d99-100 following boost. Both groups of
animals exhibited a substantial reduction in the fold change from the peak. However,
while 3 of 7 animals receiving the IPR8 vaccine had titers higher than at d0, 6 of 7 animals
vaccinated with IPR8-R848 had higher antibodies at this late time point.

3.3. Elderly AGM Generate HA-Stem Specific IgG in Response to Vaccination

The constant drift in circulating strains and the potential for shift resulting in pan-
demics have led to a focus on eliciting antibodies to the relatively conserved stem region
of HA. These antibodies can provide broader protection than those directed to the HA
head [31,32]. In our studies of newborn AGM vaccination, we found that conjugation with
R848 resulted in a preferential boost in stem-specific antibodies ([25] and manuscript sub-
mitted). To determine whether this occurred in elderly AGM, we measured stem-specific
IgG antibodies using a stem-only construct [29]. Figure 2B shows the level of stem-specific
antibodies before and after vaccination (d10 p.b.). As with the total IAV-specific response
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(Figure 2A), nearly all animals showed an increase in stem-specific antibodies, as indicated
by the position to the left of the diagonal. Two animals, one in each group, did not show
an increase. Perhaps not surprisingly, these were the two animals with the highest pre-
vaccination levels. The animals that did have an increase had a similar increase across
the group. This is in contrast to the total IAV-specific response, where increases differed
appreciably among the animals. Thus, stem-specific antibodies were not increased to a
greater extent than non-stem antibodies when R848 was present in the vaccine.
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Figure 2. Elderly AGM generates HA-stem-specific IgG in response to vaccination. The levels
of circulating IgG were quantified from the plasma of IPR8 (circles)- and IPR8-R848 (triangles)-
vaccinated AGM. The d0 threshold titer (TT) for each animal was plotted against the d10 p.b.
threshold titer. IgG specific to PR8 (A) or Ca09 trimeric stem protein (B) was measured. TT is
defined by the highest dilution at which the sample’s optical density was at least 3 times that of the
assay background.

3.4. R848-Mediated Increases in IgG Are Independent of Changes in HAI Titer or Avidity

The ability of an antibody to neutralize IAV has long been used as an indicator of
protective capacity. We employed the standardly used hemagglutinin inhibition (HAI) assay
(Figure 3A) as a measure of neutralizing antibody. Surprisingly, no significant differences
were observed after the prime/boost in animals that received IPR8-R848 or IPR8 alone,
i.e., changes in HAI titers were not significantly different to baseline levels. It is widely
accepted that seroprotection is generated at HAI titers > 40 after influenza vaccination.
Interestingly, all animals in both groups had baseline HAI titers starting at levels higher
than 1:40. We next measured the avidity of the PR8-specific IgG antibody at d21 p.b. as
an indicator of antibody quality (Figure 3B). No difference in IgG avidity was observed
between the vaccine groups. Thus, adjuvanting inactivated IAV vaccine with R848 did not
improve the neutralizing capacity or the avidity of PR8-specific IgG after prime/boost in
elderly AGM.
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Figure 3. R848 adjuvantation does not improve the neutralizing capacity or avidity of IAV-specific
antibodies after prime/boost vaccination in elderly AGM. (A) The neutralizing capacity of IAV-
specific antibodies was assessed by HAI assays at d0, d10 p.v. and d10 p.b. Serially diluted plasma was
incubated with PR8 for 30 min and then transferred to chicken red blood cells for hemagglutination
assessment. HAI titer is defined by the highest dilution at which the sample prevents agglutination.
Each animal is designated a distinct symbol; these symbols are consistent across time points to allow
for longitudinal visualization of each individual response. IPR8- and IPR8-R848-vaccinated animals
are designated by black or grey symbols, respectively. (B) The average avidity of PR8-specific IgG
at d21 p.b. was calculated by determining the NaSCN concentration that gave a 50% reduction in
optical absorbance compared to the untreated sample. Seven animals were included in each vaccine
group, and the averages shown are the mean ±SEM. Statistical significance was determined using a
two-way ANOVA with repeated measures and Tukey’s multiple comparisons test (A) or an unpaired
two-tailed t-test (B). No statistical significance was observed, and the p-value was >0.05.

4. Discussion

In this study, we evaluated the potential for R848 to serve as an effective adjuvant for
a whole inactivated IAV vaccine in elderly NHP. Elderly individuals are poor responders
to the current seasonal influenza vaccines. While high-dose and MF59-adjuvanted vaccines
can improve the response, protection does not reach desired levels in this age group.
Here we evaluated the ability of an R848-conjugated inactivated IAV vaccine to improve
responses in an elderly NHP model. Our rationale for testing this approach was the
promising results we observed in newborn NHP [22–25], another population with an
altered immune system that makes eliciting protective responses challenging.

Elderly NHPs represent a valuable model for interrogating age-associated changes
in the immune system [33]. Elderly animals in our study had some level of pre-existing
antibody to influenza virus, although these levels are low compared to pre-existing im-
munity in humans. Animals were assigned to groups to similarly distribute those with
higher and lower initial levels. The results from our analyses support the ability of R848
to drive earlier increases in IgM and increased levels of IgG antibody following boost.
The improved early IgM coupled with the increased IgG at d10 p.b. in animals vacci-
nated with the R848-containing vaccine supports the ability of this adjuvant to promote
antibody responses.

The increase in IgM production in animals that received the IPR8-R848 vaccine at
d10 p.v. compared to animals that received the non-adjuvanted vaccine suggests R848 may
be promoting early activation of IAV-specific B cell clones. This may occur through direct
activation of IAV-specific B cells as a result of TLR7 engagement [34,35]. We have previously
shown that an R848-adjuvanted IAV vaccine can promote early B cell activation (24 h
following vaccination) in the draining lymph nodes of newborn NHPs [22]. Furthermore,
TLR7 engagement on B cells has been reported to support B cell proliferation following IAV
infection of mice [36] and can enhance differentiation into antibody-secreting cells in human
PBMC [37]. During the early stages of the humoral response, higher affinity B cell clones are
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known to adopt an extrafollicular plasmablast fate [38]. R848 may facilitate differentiation
of B cells with BCR that, in the absence of the signals provided by R848, are not of sufficient
affinity to differentiate into antibody-secreting cells. The early increases in IgM may be
associated with an augmented primary response that allows for higher IgG levels following
boost. R848 may increase the recruitment/activation/proliferation of clones recruited
into the response that subsequently undergo isotype switching and differentiation into
IgG-secreting cells following secondary antigen exposure. Other potential avenues through
which R848 may function are the upregulation of costimulatory molecules on the surface
of APC and promotion of proinflammatory cytokine production, resulting in improved
cellular and humoral responses [24,28,39–42].

Interestingly, although we saw increases in IgG in R848-adjuvanted animals after
the boost, antibody function (neutralization and avidity) was not improved compared
to IPR8-vaccinated animals. This suggests R848 may not be able to overcome the poor
GC reactions known to be associated with the aged immune system [19]. Studies have
shown that elderly individuals have defects in somatic hypermutation (SHM) as well as
class switch-recombination, which contribute to the poorer antibody response elicited by
IAV vaccination in this age group [19]. These defects have been attributed to reduced
expression of activation-induced cytidine deaminase (AID) and E47 (the key transcription
factor that regulates AID) in both mice [43,44] and humans [45]. AID expression has also
been correlated to affinity maturation, a process that is essential in the production of high-
avidity antibodies. A study of young and elderly adults showed that the level of AID
after vaccination correlated with the fold increase in antibody affinity to HA [46]. Affinity
maturation to the HA1 region was only observed in the young individuals and was not
observed in the elderly.

In our study, we explored the antigen-specific T cell response to vaccination in elderly
NHP through stimulation of PBMC (d10 p.b.) with pooled peptides from HA and NA de-
rived from PR8. Both ELISPOT and activation-induced marker (AIM) expression evaluated
by flow cytometry were employed. We observed only a minority of animals in each group
had detectable T cell responses (data not shown). Of those that did, the magnitude of the
response was low and did not differ between the groups. Limitations of this analysis are
that a single timepoint was evaluated, and it is restricted to circulating cells. Therefore,
further analysis is needed to fully determine the impact of R848 adjuvantation on T cell
responses in elderly NHP.

Together, our data support the ability of R848 to increase IgG antibody responses
in elderly NHP following vaccination with inactivated IAV. However, it is important to
bear in mind that while R848 increases the response, it was modest in comparison to
what we observed in newborn NHP [22–25]. This highlights the critical importance of
evaluating potential vaccines in multiple age groups, especially those of the extremes of
lifespan. It is possible that a combination adjuvant approach, e.g., R848 administered
with another immunostimulatory molecule, may be useful. The Shingrix vaccine, which
is highly effective in the elderly, is adjuvanted with AS01B, which consists of the saponin
QS21 and the toll-like receptor type 4 agonist, MPL. Combining R848 with a saponin or
MF59 adjuvant, the latter of which is approved for elderly individuals, may enhance the
beneficial effects of R848 and should be explored in future studies.

Author Contributions: K.F.C. and M.A.A.-M. designed the experiments, analyzed the data and wrote
the manuscript. K.F.C. and B.C.H. performed the experiments. R.B.D.J. performed the statistical
analysis. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institute of Health grant NIH R21AI137741-02 to
M.A.A.-M. The Vervet Research Colony is supported in part by NIH P40OD010965 to M.J.J.

Institutional Review Board Statement: The animal study was reviewed and approved by the Wake
Forest Animal Care and Usage Committee, Wake Forest School of Medicine. The animal care and use
protocol was adherent to the US Animal Welfare Act and Regulations.

Informed Consent Statement: Not applicable.



Vaccines 2022, 10, 494 10 of 11

Data Availability Statement: Not applicable.

Acknowledgments: We thank the Wake Forest Animal Resources Program and the veterinary and
technical staff of the Vervet Research Colony for the care of animals and assistance with animal
procedures. We would like to thank Barney Graham and Masaru Kanekiyo for the generous gift of
the recombinant Ca09 (H1N1) stabilized stem. We thank Courtney Page for her helpful comments
in the preparation of this manuscript. Figure 1A was created with BioRender.com, accessed on
17 February 2022.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Praditsuwan, R.; Assantachai, P.; Wasi, C.; Puthavatana, P.; Kositanont, U. The efficacy and effectiveness of influenza vaccination

among Thai elderly persons living in the community. J. Med. Assoc. Thai. 2005, 88, 256–264. [PubMed]
2. Treanor, J.J.; Talbot, H.K.; Ohmit, S.E.; Coleman, L.A.; Thompson, M.G.; Cheng, P.Y.; Petrie, J.G.; Lofthus, G.; Meece, J.K.;

Williams, J.V.; et al. Effectiveness of seasonal influenza vaccines in the United States during a season with circulation of all three
vaccine strains. Clin. Infect. Dis. 2012, 55, 951–959. [CrossRef]

3. Rivetti, D.; Jefferson, T.; Thomas, R.; Rudin, M.; Rivetti, A.; Di Pietrantonj, C.; Demicheli, V. Vaccines for preventing influenza in
the elderly. Cochrane Database Syst. Rev. 2006, 3, CD004876. [CrossRef]

4. Izurieta, H.S.; Thadani, N.; Shay, D.K.; Lu, Y.; Maurer, A.; Foppa, I.M.; Franks, R.; Pratt, D.; Forshee, R.A.; MaCurdy, T.; et al.
Comparative effectiveness of high-dose versus standard-dose influenza vaccines in US residents aged 65 years and older from
2012 to 2013 using Medicare data: A retrospective cohort analysis. Lancet Infect. Dis. 2015, 15, 293–300. [CrossRef]

5. DiazGranados, C.A.; Dunning, A.J.; Kimmel, M.; Kirby, D.; Treanor, J.; Collins, A.; Pollak, R.; Christoff, J.; Earl, J.;
Landolfi, V.; et al. Efficacy of high-dose versus standard-dose influenza vaccine in older adults. N. Engl. J. Med. 2014, 371, 635–645.
[CrossRef]

6. Richardson, D.M.; Medvedeva, E.L.; Roberts, C.B.; Linkin, D.R.; Centers for Disease, C.; Prevention Epicenter, P. Comparative
effectiveness of high-dose versus standard-dose influenza vaccination in community-dwelling veterans. Clin. Infect. Dis. 2015, 61,
171–176. [CrossRef]

7. Van Buynder, P.G.; Konrad, S.; Van Buynder, J.L.; Brodkin, E.; Krajden, M.; Ramler, G.; Bigham, M. The comparative effectiveness
of adjuvanted and unadjuvanted trivalent inactivated influenza vaccine (TIV) in the elderly. Vaccine 2013, 31, 6122–6128.
[CrossRef]

8. Domnich, A.; Arata, L.; Amicizia, D.; Puig-Barbera, J.; Gasparini, R.; Panatto, D. Effectiveness of MF59-adjuvanted seasonal
influenza vaccine in the elderly: A systematic review and meta-analysis. Vaccine 2017, 35, 513–520. [CrossRef]

9. Haynes, L. Aging of the immune system: Research challenges to enhance the health span of older adults. Front. Aging 2020,
1, 602108. [CrossRef]

10. Singh, T.; Newman, A.B. Inflammatory markers in population studies of aging. Ageing Res. Rev. 2011, 10, 319–329. [CrossRef]
11. Gupta, S. Role of dendritic cells in innate and adaptive immune response in human aging. Exp. Gerontol. 2014, 54, 47–52.

[CrossRef] [PubMed]
12. Panda, A.; Qian, F.; Mohanty, S.; van Duin, D.; Newman, F.K.; Zhang, L.; Chen, S.; Towle, V.; Belshe, R.B.; Fikrig, E.; et al.

Age-associated decrease in TLR function in primary human dendritic cells predicts influenza vaccine response. J. Immunol. 2010,
184, 2518–2527. [CrossRef]

13. Agrawal, A.; Agrawal, S.; Cao, J.N.; Su, H.; Osann, K.; Gupta, S. Altered innate immune functioning of dendritic cells in elderly
humans: A role of phosphoinositide 3-kinase-signaling pathway. J. Immunol. 2007, 178, 6912–6922. [CrossRef]

14. Goronzy, J.J.; Weyand, C.M. Successful and maladaptive T cell aging. Immunity 2017, 46, 364–378. [CrossRef] [PubMed]
15. Raynor, J.; Lages, C.S.; Shehata, H.; Hildeman, D.A.; Chougnet, C.A. Homeostasis and function of regulatory T cells in aging.

Curr. Opin. Immunol. 2012, 24, 482–487. [CrossRef] [PubMed]
16. van der Geest, K.S.; Abdulahad, W.H.; Tete, S.M.; Lorencetti, P.G.; Horst, G.; Bos, N.A.; Kroesen, B.J.; Brouwer, E.; Boots, A.M.

Aging disturbs the balance between effector and regulatory CD4+ T cells. Exp. Gerontol. 2014, 60, 190–196. [CrossRef]
17. Bulati, M.; Caruso, C.; Colonna-Romano, G. From lymphopoiesis to plasma cells differentiation, the age-related modifications of

B cell compartment are influenced by “inflamm-ageing”. Ageing Res. Rev. 2017, 36, 125–136. [CrossRef]
18. Saurwein-Teissl, M.; Lung, T.L.; Marx, F.; Gschösser, C.; Asch, E.; Blasko, I.; Parson, W.; Böck, G.; Schönitzer, D.; Trannoy, E.; et al.

Lack of antibody production following immunization in old age: Association with CD8(+)CD28(-) T cell clonal expansions and
an imbalance in the production of Th1 and Th2 cytokines. J. Immunol. 2002, 168, 5893–5899. [CrossRef]

19. Frasca, D.; Blomberg, B.B. Aging induces B cell defects and decreased antibody responses to influenza infection and vaccination.
Immun. Ageing 2020, 17, 37. [CrossRef]

20. Fujita, Y.; Taguchi, H. Overview and outlook of Toll-like receptor ligand-antigen conjugate vaccines. Ther. Deliv. 2012, 3, 749–760.
[CrossRef]

21. Chaturvedi, A.; Pierce, S.K. How location governs toll-like receptor signaling. Traffic 2009, 10, 621–628. [CrossRef] [PubMed]

BioRender.com
http://www.ncbi.nlm.nih.gov/pubmed/15962680
http://doi.org/10.1093/cid/cis574
http://doi.org/10.1002/14651858.CD004876.pub2
http://doi.org/10.1016/S1473-3099(14)71087-4
http://doi.org/10.1056/NEJMoa1315727
http://doi.org/10.1093/cid/civ261
http://doi.org/10.1016/j.vaccine.2013.07.059
http://doi.org/10.1016/j.vaccine.2016.12.011
http://doi.org/10.3389/fragi.2020.602108
http://doi.org/10.1016/j.arr.2010.11.002
http://doi.org/10.1016/j.exger.2013.12.009
http://www.ncbi.nlm.nih.gov/pubmed/24370374
http://doi.org/10.4049/jimmunol.0901022
http://doi.org/10.4049/jimmunol.178.11.6912
http://doi.org/10.1016/j.immuni.2017.03.010
http://www.ncbi.nlm.nih.gov/pubmed/28329703
http://doi.org/10.1016/j.coi.2012.04.005
http://www.ncbi.nlm.nih.gov/pubmed/22560294
http://doi.org/10.1016/j.exger.2014.11.005
http://doi.org/10.1016/j.arr.2017.04.001
http://doi.org/10.4049/jimmunol.168.11.5893
http://doi.org/10.1186/s12979-020-00210-z
http://doi.org/10.4155/tde.12.52
http://doi.org/10.1111/j.1600-0854.2009.00899.x
http://www.ncbi.nlm.nih.gov/pubmed/19302269


Vaccines 2022, 10, 494 11 of 11

22. Holbrook, B.C.; Aycock, S.T.; Machiele, E.; Clemens, E.; Gries, D.; Jorgensen, M.J.; Hadimani, M.B.; King, S.B.;
Alexander-Miller, M.A. An R848 adjuvanted influenza vaccine promotes early activation of B cells in the draining lymph nodes of
non-human primate neonates. Immunology 2018, 153, 357–367. [CrossRef] [PubMed]

23. Holbrook, B.C.; D’Agostino, R.B., Jr.; Tyler Aycock, S.; Jorgensen, M.J.; Hadimani, M.B.; Bruce King, S.; Alexander-Miller, M.A.
Adjuvanting an inactivated influenza vaccine with conjugated R848 improves the level of antibody present at 6months in a
nonhuman primate neonate model. Vaccine 2017, 35, 6137–6142. [CrossRef] [PubMed]

24. Holbrook, B.C.; Kim, J.R.; Blevins, L.K.; Jorgensen, M.J.; Kock, N.D.; D’Agostino, R.B., Jr.; Aycock, S.T.; Hadimani, M.B.; King, S.B.;
Parks, G.D.; et al. A novel R848-conjugated inactivated influenza virus vaccine is efficacious and safe in a neonate nonhuman
primate model. J. Immunol. 2016, 197, 555–564. [CrossRef] [PubMed]

25. Clemens, E.A.; Holbrook, B.C.; Kanekiyo, M.; Yewdell, J.W.; Graham, B.S.; Alexander-Miller, M.A. An R848 conjugated influenza
virus vaccine elicits robust IgG to hemagglutinin stem in a newborn nonhuman primate model. J. Infect. Dis. 2020, 213, 257–265.
[CrossRef]

26. Ketloy, C.; Engering, A.; Srichairatanakul, U.; Limsalakpetch, A.; Yongvanitchit, K.; Pichyangkul, S.; Ruxrungtham, K. Expression
and function of Toll-like receptors on dendritic cells and other antigen presenting cells from non-human primates. Vet. Immunol.
Immunopathol. 2008, 125, 18–30. [CrossRef]

27. Hung, I.F.; Zhang, A.J.; To, K.K.; Chan, J.F.; Li, C.; Zhu, H.S.; Li, P.; Li, C.; Chan, T.C.; Cheng, V.C.; et al. Immunogenicity of
intradermal trivalent influenza vaccine with topical imiquimod: A double blind randomized controlled trial. Clin. Infect. Dis.
2014, 59, 1246–1255. [CrossRef]

28. Westcott, M.M.; Clemens, E.A.; Holbrook, B.C.; King, S.B.; Alexander-Miller, M.A. The choice of linker for conjugating R848 to
inactivated influenza virus determines the stimulatory capacity for innate immune cells. Vaccine 2018, 36, 1174–1182. [CrossRef]

29. Yassine, H.M.; McTamney, P.M.; Boyington, J.C.; Ruckwardt, T.J.; Crank, M.C.; Smatti, M.K.; Ledgerwood, J.E.; Graham, B.S. Use
of hemagglutinin stem probes demonstrate prevalence of broadly reactive Group 1 influenza antibodies in human sera. Sci. Rep.
2018, 8, 8628. [CrossRef]

30. Tukey, J.W. Comparing individual means in the analysis of variance. Biometrics 1949, 5, 99–114. [CrossRef]
31. Krammer, F.; Pica, N.; Hai, R.; Margine, I.; Palese, P. Chimeric hemagglutinin influenza virus vaccine constructs elicit broadly

protective stalk-specific antibodies. J. Virol. 2013, 87, 6542–6550. [CrossRef] [PubMed]
32. Krammer, F.; Garcia-Sastre, A.; Palese, P. Is it possible to develop a “universal” influenza virus vaccine? Potential target antigens

and critical aspects for a universal influenza vaccine. Cold Spring Harb Perspect. Biol. 2018, 10, a028845. [CrossRef] [PubMed]
33. Didier, E.S.; MacLean, A.G.; Mohan, M.; Didier, P.J.; Lackner, A.A.; Kuroda, M.J. Contributions of nonhuman primates to research

on aging. Vet. Pathol. 2016, 53, 277–290. [CrossRef] [PubMed]
34. Clingan, J.M.; Matloubian, M. B cell-intrinsic TLR7 signaling is required for optimal B cell responses during chronic viral infection.

J. Immunol. 2013, 191, 810–818. [CrossRef]
35. Hanten, J.A.; Vasilakos, J.P.; Riter, C.L.; Neys, L.; Lipson, K.E.; Alkan, S.S.; Birmachu, W. Comparison of human B cell activation

by TLR7 and TLR9 agonists. BMC Immunol. 2008, 9, 39. [CrossRef]
36. Heer, A.K.; Shamshiev, A.; Donda, A.; Uematsu, S.; Akira, S.; Kopf, M.; Marsland, B.J. TLR signaling fine-tunes anti-influenza B

cell responses without regulating effector T cell responses. J. Immunol. 2007, 178, 2182–2191. [CrossRef]
37. Auladell, M.; Nguyen, T.H.; Garcillán, B.; Mackay, F.; Kedzierska, K.; Fox, A. Distinguishing naive- from memory-derived human

B cells during acute responses. Clin. Transl. Immunol. 2019, 8, e01090. [CrossRef]
38. Lam, J.H.; Baumgarth, N. The multifaceted B cell response to influenza virus. J. Immunol. 2019, 202, 351–359. [CrossRef]
39. Dowling, D.J.; Tan, Z.; Prokopowicz, Z.M.; Palmer, C.D.; Matthews, M.A.; Dietsch, G.N.; Hershberg, R.M.; Levy, O. The

ultra-potent and selective TLR8 agonist VTX-294 activates human newborn and adult leukocytes. PLoS ONE 2013, 8, e58164.
[CrossRef]

40. van Haren, S.D.; Dowling, D.J.; Foppen, W.; Christensen, D.; Andersen, P.; Reed, S.G.; Hershberg, R.M.; Baden, L.R.; Levy, O.
Age-specific adjuvant synergy: Dual TLR7/8 and Mincle activation of human newborn dendritic cells enables Th1 polarization.
J. Immunol. 2016, 197, 4413–4424. [CrossRef]

41. Ganapathi, L.; Van Haren, S.; Dowling, D.J.; Bergelson, I.; Shukla, N.M.; Malladi, S.S.; Balakrishna, R.; Tanji, H.; Ohto, U.;
Shimizu, T.; et al. The Imidazoquinoline Toll-Like Receptor-7/8 agonist hybrid-2 potently induces cytokine production by human
newborn and adult leukocytes. PLoS ONE 2015, 10, e0134640. [CrossRef] [PubMed]

42. Levy, O.; Suter, E.E.; Miller, R.L.; Wessels, M.R. Unique efficacy of Toll-like receptor 8 agonists in activating human neonatal
antigen-presenting cells. Blood 2006, 108, 1284–1290. [CrossRef] [PubMed]

43. Frasca, D.; Van der Put, E.; Landin, A.M.; Gong, D.; Riley, R.L.; Blomberg, B.B. RNA stability of the E2A-encoded transcription
factor E47 is lower in splenic activated B cells from aged mice. J. Immunol. 2005, 175, 6633–6644. [CrossRef] [PubMed]

44. Frasca, D.; Van der Put, E.; Riley, R.L.; Blomberg, B.B. Reduced Ig class switch in aged mice correlates with decreased E47 and
activation-induced cytidine deaminase. J. Immunol. 2004, 172, 2155–2162. [CrossRef] [PubMed]

45. Frasca, D.; Landin, A.M.; Lechner, S.C.; Ryan, J.G.; Schwartz, R.; Riley, R.L.; Blomberg, B.B. Aging down-regulates the transcription
factor E2A, activation-induced cytidine deaminase, and Ig class switch in human B cells. J. Immunol. 2008, 180, 5283–5290.
[CrossRef]

46. Khurana, S.; Frasca, D.; Blomberg, B.; Golding, H. AID activity in B cells strongly correlates with polyclonal antibody affinity
maturation in-vivo following pandemic 2009-H1N1 vaccination in humans. PLoS Pathog. 2012, 8, e1002920. [CrossRef]

http://doi.org/10.1111/imm.12845
http://www.ncbi.nlm.nih.gov/pubmed/28940186
http://doi.org/10.1016/j.vaccine.2017.09.054
http://www.ncbi.nlm.nih.gov/pubmed/28967521
http://doi.org/10.4049/jimmunol.1600497
http://www.ncbi.nlm.nih.gov/pubmed/27279374
http://doi.org/10.1093/infdis/jiaa728
http://doi.org/10.1016/j.vetimm.2008.05.001
http://doi.org/10.1093/cid/ciu582
http://doi.org/10.1016/j.vaccine.2018.01.035
http://doi.org/10.1038/s41598-018-26538-7
http://doi.org/10.2307/3001913
http://doi.org/10.1128/JVI.00641-13
http://www.ncbi.nlm.nih.gov/pubmed/23576508
http://doi.org/10.1101/cshperspect.a028845
http://www.ncbi.nlm.nih.gov/pubmed/28663209
http://doi.org/10.1177/0300985815622974
http://www.ncbi.nlm.nih.gov/pubmed/26869153
http://doi.org/10.4049/jimmunol.1300244
http://doi.org/10.1186/1471-2172-9-39
http://doi.org/10.4049/jimmunol.178.4.2182
http://doi.org/10.1002/cti2.1090
http://doi.org/10.4049/jimmunol.1801208
http://doi.org/10.1371/journal.pone.0058164
http://doi.org/10.4049/jimmunol.1600282
http://doi.org/10.1371/journal.pone.0134640
http://www.ncbi.nlm.nih.gov/pubmed/26274907
http://doi.org/10.1182/blood-2005-12-4821
http://www.ncbi.nlm.nih.gov/pubmed/16638933
http://doi.org/10.4049/jimmunol.175.10.6633
http://www.ncbi.nlm.nih.gov/pubmed/16272318
http://doi.org/10.4049/jimmunol.172.4.2155
http://www.ncbi.nlm.nih.gov/pubmed/14764681
http://doi.org/10.4049/jimmunol.180.8.5283
http://doi.org/10.1371/journal.ppat.1002920

	Introduction 
	Materials and Methods 
	Animals 
	Vaccinations 
	ELISA for Detection of IAV-Specific Antibody 
	ELISA for the Detection of HA Stem-Specific Antibody 
	Hemagglutinin Inhibition Assay 
	Avidity 
	Statistical Analysis 

	Results 
	Elderly Vaccination 
	R848 Adjuvantation Increases IgM Production after Primary Vaccination with Inactivated IAV Vaccine 
	Elderly AGM Generate HA-Stem Specific IgG in Response to Vaccination 
	R848-Mediated Increases in IgG Are Independent of Changes in HAI Titer or Avidity 

	Discussion 
	References

