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I M M U N O L O G Y

Increased vaccine tolerability and protection via  
NF-B modulation
B. A. Moser1, R. C. Steinhardt1, Y. Escalante-Buendia1, D. A. Boltz2, K. M. Barker2, B. J. Cassaidy1, 
M.G. Rosenberger1, S. Yoo3, B. G. McGonnigal3, A. P. Esser-Kahn1*

Improving adjuvant responses is a promising pathway to develop vaccines against some pathogens (e.g., HIV or 
dengue). One challenge in adjuvant development is modulating the inflammatory response, which can cause 
excess side effects, while maintaining immune activation and protection. No approved adjuvants yet have the 
capability to independently modulate inflammation and protection. Here, we demonstrate a method to limit in-
flammation while retaining and often increasing the protective responses. To accomplish this goal, we combined 
a partial selective nuclear factor kappa B (NF-kB) inhibitor with several current adjuvants. The resulting vaccines 
reduce systemic inflammation and boost protective responses. In an influenza challenge model, we demonstrate 
that this approach enhances protection. This method was tested across a broad range of adjuvants and antigens. 
We anticipate these studies will lead to an alternative approach to vaccine formulation design that may prove 
broadly applicable to a wide range of adjuvants and vaccines.

INTRODUCTION
Vaccines are considered one of the most effective global health inter-
ventions against infectious diseases. Current and future vaccines face 
challenges of more effective and diverse protective responses with 
ever more stringent safety margins. A major challenge in develop-
ing new vaccine approaches and formulations is increasing effective 
immune activation, leading to protective responses, while limiting 
the excess inflammation. Determining and maintaining an appro-
priate balance of providing effective protection while limiting 
inflammation-induced side effects are cited as critical to successful 
vaccine design (1–3). To boost the immune response, Toll-like 
receptor (TLR) agonists have been explored as vaccine adjuvants 
because they activate the innate immune system, promoting the ex-
pression of a wide variety of immune genes, including inflammatory 
cytokines and cell surface receptors important for T cell interactions 
(4–9). Effective TLR agonists stimulate the desired cellular or humoral 
adaptive responses and have resulted in several successful vaccines 
(10). However, the inability to directly modulate inflammation has 
increased vaccine costs and delayed their application (11). For ex-
ample, CpG DNA, a TLR9 agonist, has wide-ranging promise as a 
vaccine adjuvant and provides protection for diseases currently 
without a vaccine, such as HIV (12, 13). CpG DNA also enables 
vaccines to be produced with less antigen (14), induces protective 
responses faster (15), and produces effective antitumor activity 
(16, 17). CpG has demonstrated great promise in increasing sero-
protective antibody titers in human clinical trials (18, 19). However, 
the excessive inflammatory response induced by some vaccine 
formulations incorporating CpG sequences has increased the cost 
of its development and reduced the number of vaccines where it has 
been implemented (13, 17–19). Despite the promise of CpG, only 

one vaccine, HEPLISAV-B created by Dynavax Technologies, has 
achieved approval for use in humans. Improving the tolerability 
profile of adjuvants generally, and CpG specifically, might enable its 
inclusion in additional vaccines (3, 20). CpGs are only a fraction of 
the hundreds of TLR agonist adjuvants facing similar challenges (21). 
There are now multiple successful TLR agonists available in vaccines, 
but one challenge with new and high doses of TLR agonists is the 
excess inflammation resulting from either over activation or systemic 
distribution (20). In rare cases where inflammation leads to reported 
side effects in vaccine candidates, it is often due to systemic distri-
bution of tumor necrosis factor– (TNF-) and interleukin-6 (IL-6) 
(22, 23). A successful approach to these issues is to alter the struc-
ture or formulation of a TLR agonist. However, this approach adds 
cost and does not alter the underlying activation pathways leading 
to excess inflammation. Here, we demonstrate a different and gen-
eralizable approach to decouple the inflammatory response from 
the antigen-presenting actions of several adjuvants using a second 
molecule, an immune potentiator, which can be added to current 
TLR agonist formulation. Using a broad range of TLR agonists, we 
demonstrate both in vitro and in vivo that using an immune poten-
tiator decreases proinflammatory cytokines while maintaining and 
generally enhancing adaptive immune function. In vivo, we find 
that coadministering the immune potentiator with the 2017–2018 
flu vaccine (Fluzone) improves tolerability by decreasing side effects 
associated with excess inflammation while enhancing protection 
against influenza. Coadministration of the immune potentiator with 
CpG-ODN1826 (CpG) and dengue capsid protein leads to elimina-
tion of systemic TNF- and IL-6 after vaccination and yields sus-
tained neutralizing antibodies. Administering the immune potentiator 
with CpG and gp120, an HIV viral coat protein, increased serum 
immunoglobulin G (IgG) and vaginal IgA antibodies and shifted 
IgG antibody epitope recognition. We found additional benefits of 
immune potentiation, including altered epitope selectivity and sub-
type distribution for certain antigens. Last, we observed immune 
potentiation and modulation of inflammation for several TLR 
agonists—implying a general approach for improving tolerability that 
might be applied to hundreds of agonists. Immune potentiation 
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may find use in modulating the inflammation of many adjuvanted 
vaccines (24)—lowering the costs of implementing TLR adjuvants, 
in some cases, improving their responses, and increasing the diver-
sity of adaptive immune profiles and widening the scope of disease 
prevention and treatment.

Selection of immune potentiator
In seeking a method of immune potentiation, we explored the 
extensive research on the TLR activation pathway. This powerful 
mechanistic framework led us to hypothesize about how TLR acti-
vation directs inflammatory cytokines and antigen presentation. As 
TLR pathways converge with nuclear factor kappa B (NF-B) acti-
vation and inflammatory and adaptive responses diverge upon which 
NF-B subunit is activated, we hypothesized that we could de-
couple these processes via selective inhibition—leading to improved 
tolerability but maintaining the adaptive response. Upon TLR acti-
vation, the transcription factor NF-B primes the transcription of 
proinflammatory cytokines such as IL-6 and TNF- and cell surface 
receptors such as major histocompatibility complex II (MHCII), 
CD40, CD80, and CD86 (25–27). The NF-B family is a family of 
transcription factors consisting of two subunits: a DNA binding 
domain and a transcriptional activator (28, 29). Each NF-B dimer 
controls expression of a different set of genes for distinct cellular 
processes—broadly, some dimers mainly control inflammatory 
expression, while others control antigen presentation (28–30). 
Selectively modulating a pathway, we conjectured, might lead to in-
creased antigen presentation while decreasing inflammation. NF-B 
inhibitors have been widely explored for reducing cytokine expression 
in cancer (31–34), autoimmune disorders (35), and sepsis (36–38), 
yet they have not been explored as vaccine potentiators. This lack of 
experimentation may be because it is broadly understood that NF-B 
activation is necessary in mounting an adequate adaptive immune 
response (34, 39). However, only certain subunits direct antigen 
presentation, while others lead to inflammation (40). As a proof-of-
concept immune potentiator, we chose SN50, a cell permeable pep-
tide that consists of the nuclear localization sequence of the NF-B 
subunit p50, which blocks the import of p50-containing dimers into 
the nucleus (41, 42). We consider SN50 to be a partial selective NF-B 
inhibitor, where it blocks the import of some NF-B subunits but 
not others. However, this inhibitor can also inhibit other transcrip-
tion factors that use the same importin such as activator protein 1 
(AP-1), nuclear factor of activated T cells (NFAT), and signal trans-
ducer and activator of transcription 1 (STAT1) (43, 44). NF-B sub-
units also have some level of redundancy, where each subunit can 
prime a wide variety of genes (45). However, each NF-B subunit will 
have a defined affinity for specific promoters, leading each NF-B 
subunit to elicit a different transcriptional response (46). For more 
literature on which genes are primed by each NF-B subunit, we 
direct the reader to a variety of studies on this topic (30, 46–57). We 
also expect that SN50 inhibits NF-B for a relatively short period of 
time and acts to curb immediate high levels of inflammation from 
adjuvants in contrast to previous studies where subunit knockouts 
were used to examine the long-term effects of NF-B subunits on 
immunity (41, 42, 47).

RESULTS
First, we sought to determine whether SN50 enables inhibition 
of NF-B in innate immune cells. We validated that SN50 reduced 

total NF-B activity in human (THP-1 monocytes) and mouse 
(RAW macrophages) cells in a dose-dependent manner (fig. S1).

Examination of CpG-induced inflammation and resulting 
immune response
We sought to verify that SN50 could enable antigen-presenting cells 
to up-regulate cell surface receptors while limiting proinflammatory 
cytokine production. We incubated murine bone marrow–derived 
dendritic cells (BMDCs) with SN50 and CpG or CpG alone for 
6 hours and analyzed how the potentiator altered cytokine produc-
tion and cell surface receptor expression (Fig. 1A). Intracellular 
cytokine staining revealed that cells treated with SN50 demonstrated 
a significant decrease in cells expressing TNF- and IL-6. Meanwhile, 
CD86 expression increased significantly and CD40 expression was 
sustained. Because the p65-p50 dimer is the most abundant dimer 
found in resting cells and involved in inflammatory cytokine pro-
duction, we conjecture that by inhibiting this dimer, we enable the 
transcription and translation of cell surface receptors while limiting 
inflammatory cytokines. This is consistent with previous p65 knock-
out experiments that demonstrate the significance of the p65 subunit 
in increasing inflammatory cytokine production and inhibition of 
CD40 and CD86 (40). The result is lower inflammatory responses 
while priming effective adaptive immune communication.

After observing that SN50 can limit inflammation without de-
creasing cell surface receptor expression in vitro, we next wanted to 
examine the effect in vivo. To determine whether inhibition of NF-
B could decrease the systemic levels of proinflammatory cytokines 
TNF- and IL-6 associated with CpG vaccination, we vaccinated mice 
intramuscularly with 100 g of ovalbumin (OVA) and phosphate-
buffered saline (PBS), SN50 (500 g), CpG (50 g), CpG + SN50, or 
CpG + SN50M (500 g). SN50M is the commercially available con-
trol for SN50 as it is a weaker inhibitor (42). We chose to measure 
systemic levels of proinflammatory cytokines TNF- and IL-6 be-
cause high levels are considered unsafe and lead to side effects 
(22, 23, 58). In humans, systemic TNF- correlates with local side 
effects (e.g., swelling and pain at injection site), and systemic IL-6 
has been correlated with system-wide side effects (e.g., fatigue and 
headache) in response to vaccination (22, 23). In addition, both of 
these cytokines act as pyrogens when distributed systemically, lead-
ing to a fever response (58). We measured these proinflammatory 
cytokines at 1, 3, 6, 24, and 48 hours after injection in all groups to 
determine the time point where cytokines peak in response to CpG 
vaccination (Fig. 1, B and C, and fig. S2). Mice vaccinated with 
OVA and PBS or SN50 alone elicited no detectable levels of system-
ic TNF- or IL-6. CpG demonstrated the highest response of both 
TNF- (1325 pg/ml) and IL-6 (1269 pg/ml) at the 1-hour time point. 
The CpG + SN50 group showed complete elimination of cytokines 
for both cytokines. The CpG + SN50M group showed a decrease in 
cytokine levels, although not as large as those observed with 
CpG + SN50. We hypothesize that this decrease in inflammatory 
cytokines is due to the high local inhibition of injected SN50M and 
not physical aggregation, as scanning electron microscopy analysis 
shows that larger aggregates are not formed with SN50 or SN50M 
(fig. S2). Examination in vitro shows that there is some inhibition of 
SN50M, especially at higher concentrations (fig. S1). We also vacci-
nated mice with an additional peptide control, SM, which has per-
formed as a better control in other studies and performed better in 
our study (fig. S3) (42). To determine how SN50 would affect the 
humoral response, we analyzed serum antibody levels on day 28 
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(Fig. 1D). To broadly establish how the addition of SN50 affects the 
antibody levels, we chose to use an enzyme-linked immunosorbent 
assay (ELISA) that measures total Ig (G + A + M) (59). The CpG 
group demonstrated a 2.4-fold increase in anti-OVA antibodies 
compared with PBS alone. Mice vaccinated with CpG + SN50 
demonstrated a 5.9-fold increase over the PBS group and a 2.7-fold 
increase over the CpG group. These data confirmed our hypothesis 
that high levels of systemic TNF- and IL-6 can be decoupled from 
the humoral, adaptive immune response. We were not expecting to 
find that addition of SN50 boosted the downstream adaptive re-
sponse, leading to immune potentiation. Because of this increase in 
adaptive response and improved tolerability profile after vaccina-
tion, we categorize SN50 as an immune potentiator.

This unexpected finding led us to investigate further how SN50 
might be potentiating the immune response. First, we analyzed a 
broader range of cytokines over various time points after vaccina-
tion. We vaccinated mice intramuscularly with PBS or 100 g of 
OVA and CpG (50 g) or CpG + SN50 (50 g of CpG and 500 g of 
SN50) and analyzed the plasma at 1, 3, 6, 24, 48, and 72 hours after 
vaccination for systemic expression of IL-1, IL-1, IL-10, IL-12p70, 
IL-17A, IL-23, IL-27, monocyte chemoattractant protein 1 (MCP-1), 
interferon- (IFN-), IFN-, IFN-, TNF-, and granulocyte-
macrophage colony-stimulating factor (GM-CSF) (Fig. 2A). No sys-
temic IL-1 or IFN- levels were observed in any group at any time 
point. TNF- demonstrated that the CpG induced peak at 1 hour 
as in our previous experiment, and systemic TNF- was observed 
for at least the first 6 hours and CpG + SN50 decreased the level of 
TNF- to background levels. In contrast to a complete lowering of 
cytokines, SN50 altered the timing of some cytokines. MCP-1 levels 
in CpG + SN50 at early time points were lower compared with CpG at 
3, 6, and 24 hours, but at 24 hours, levels started to rise and CpG-alone 
levels began to fall. In further contrast, SN50 boosted some cytokine 
levels. Systemic IL-23 levels were higher at 1 hour after vaccination 
in CpG + SN50 than in CpG alone. These data demonstrate that SN50 
does not dampen the immune response but alters the cytokine profile.

Given the alteration in temporal and systemic immune responses, 
we wanted to examine changes to the draining lymph node 24 hours 
after vaccination. Because we were unsure of what changes might 
occur, we used gene expression data rather than focusing on a single 
cytokine. We vaccinated mice intramuscularly with OVA only, 
OVA and CpG (CpG), or OVA and CpG + SN50 (CpG + SN50) and 

analyzed gene expression in the draining inguinal lymph node 
24 hours after vaccination (Table 1 and figs. S4 and S5). We found 
that for CpG + SN50 mice, cd86 expression was slightly increased 
compared with CpG alone, indicating that SN50 does not dampen 
expression of this important cell surface receptor but rather increas-
es it—matching our in  vitro experiments. In addition, in CpG  + 
SN50 mice, cxcl10 and cxcl11 were both increased compared with 
CpG group by 3.4- and 10-fold, respectively. These genes are im-
portant chemoattractants for T cells, which could indicate enhanced 
T cell infiltration into the lymph node. Some genes were decreased in 
the CpG + SN50 group, such as cxcr3, where expression was de-
creased by threefold compared with the CpG group. The CpG  + 
SN50 had a 10-fold increase in edn1 expression compared with 
CpG alone. Edn1 is expressed by mature dendritic cells, improves 
the ability to activate T cells, and increases DC survival time (41). 
The CpG + SN50 group demonstrated slightly increased gzmb ex-
pression compared with the CpG group, further supporting the 
hypothesis that SN50 does not hamper the ability of APCs to acti-
vate T cells. The addition of SN50 also increased the local expression of 
ifny. In addition, although gene expression of il6 was slightly higher 
in the lymph nodes from mice without SN50 (twofold higher), we 
still observed a large increase in gene expression of il6 compared 
with OVA alone (147-fold). Tnfa expression in the lymph node was 
actually increased slightly compared with CpG alone (1.4-fold). To-
gether, these results show that high levels of systemic cytokine ex-
pression is not required for adequate local expression and that limiting 
the systemic cytokine levels through the use of SN50 does not di-
minish local expression in the lymph node. Thereby, adaptive 
immune signaling is still able to occur. The addition of SN50 in-
creased nos2 expression by 18-fold. Some adjuvants such as complete 
Freund’s adjuvant have been shown to enhance the immune response 
through robust nos2 expression (60). These data demonstrate that 
SN50 alters the local immune response in a variety of ways and that 
key genes required for T cell chemotaxis, germinal center forma-
tion, and innate-adaptive immune communication are maintained 
or even increased. On the basis of these data, we hypothesized that 
T cell responses in mice vaccinated with SN50 would be enhanced. 
To test this, we vaccinated mice as described above with CpG, 
CpG + SN50, OVA, or PBS, administered a boost on day 14, and 
analyzed antigen-specific T cell responses on day 21 (Fig. 2B and 
fig. S6). We found that OVA-specific T cell responses were generally 
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increased, with cells stimulated with the CD8 epitope SIINFEKL 
showing the largest differences (Fig. 2B). In addition to IFN-, we 
also saw significant differences in secretion of IL-5, IL-17A, IL-22, 
IL-23, and TNF- (fig. S6). Because CpG is known to induce sple-
nomegaly (61), we also examined what affects SN50 would have on 
this side effect. We vaccinated mice as described above and analyzed 
the spleen weight 24 hours after vaccination and on day 21 (Fig. 2C 
and fig. S7). We found that CpG induced splenomegaly, with spleen 
weights 1.3-fold larger than the OVA alone. The addition of SN50 
completely reduced the level of splenomegaly to background levels. 
Without SN50, splenomegaly continued to increase to 2.3-fold 
higher than OVA-only levels through day 21. This directly demon-

strates that SN50 can reduce a challenging side effect from CpG-
induced vaccination.

To further understand how SN50 acts to potentiate the immune 
response, we examined the effect of location and systemic injection 
of SN50. We found that SN50 must be present at the site of injection 
and does not work by systemic distribution (fig. S8). To understand 
how decreasing the inflammatory cytokines TNF- and IL-6 affects 
the innate and adaptive immune responses, we also examined the 
effect of coinjection of TNF-–neutralizing antibody or IL-6–
neutralizing antibodies (fig. S8). Although both of these antibodies 
decreased systemic levels of TNF- or IL-6, there was no effect on 
the production of anti-OVA antibodies. This result demonstrates 
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that simply limiting inflammation is not sufficient for the potentia-
tion demonstrated through the addition of SN50.

Immune potentiation in in vivo influenza challenge model
We next wanted to focus on how SN50 might transition to a vaccine 
with a viral challenge. We selected influenza vaccine as a proof-of-
concept vaccination both due to its universality and the relative ease 
of running animal challenges with multiple parameters. We sought 
to determine whether SN50 would reduce side effects associated with 
strong adjuvanticity and to see what effect this alteration on systemic 
cytokines would have on protection. We vaccinated mice intra
muscularly with Fluzone Quadrivalent vaccine (Fz) for the 2017/2018 
influenza season, with or without CpG (50 g) as an immune adju-
vant and 500 g of SN50 (SN50 H) or 50 g of SN50 (SN50 L) as an 
immune potentiator. The Fz + SN50 group demonstrated lower levels 
of TNF- than Fz alone (Fig. 3, B and C). Across all groups, the 
addition of SN50 reduced levels of TNF- and IL-6 to levels consistent 
with the placebo group. To examine whether SN50 can mitigate 
side effects from vaccination, we analyzed the percent change in 
body weight 24, 48, and 72 hours after vaccination (Fig. 3D and fig. S9). 
Weight loss is the easiest and most objective measure of side effects 
in mice. Mice vaccinated with Fz and Fz + SN50 lost an average of 
0.85 and 0.75%, respectively, by the 24-hour time point. The Fz + CpG 
group lost an average of 5.9%. Adding SN50 H decreased the 
amount of weight loss to 2.4%, and adding SN50 L to 5.1%. At 
72 hours, the Fz group were −1.1% of the starting weight, whereas 
mice vaccinated with Fz + SN50 gained +1.5%. The Fz + CpG group 
lost −1.6% of the starting weight, and adding SN50 H led to a reduc-
tion in weight loss (0% change) and adding SN50 L led to −1.3% 
change. Overall, mice with SN50 lost less weight than mice without 
SN50, demonstrating that SN50 lowered the side effects associated 
with vaccination and improved the tolerability of the vaccine.

On day 28, we analyzed the serum for antibody levels in the 
blood (Fig. 3E and figs. S10 and S11). There was no significant dif-
ference in serum IgG concentration between Fz and Fz + SN50. 
There was a significant difference between Fz samples and Fz + CpG 
of 2.9-fold. There was no significant difference between groups 

vaccinated with CpG, implying that the addition of SN50 reduces 
inflammation and side effects from vaccination, improving tolera-
bility, while maintaining the antibody concentration. We also did 
not observe significant changes in the IgG1:IgG2c ratios at any time 
point with the addition of SN50, indicating that the adjuvant, and 
not SN50, directs the helper T (Th) bias.

We next sought to determine whether including SN50 in the 
vaccination would increase the protection of Fluzone. At this stage, 
no additional SN50 was administered to the mice, so only the adap-
tive immune response induced by the vaccine and subsequent boost 
would act to protect the mice from influenza. Mice were lethally 
challenged intranasally with 105 plaque-forming units (PFU) A/
Michigan/45/2015. On day 3 after challenge, we analyzed the lungs 
of three mice for viral titer (fig. S12). Survival was analyzed for 
14 days after challenge (Fig. 3F). By day 7, all placebo mice and 60% 
of the Fz mice had reached the humane end point and were eutha-
nized. All other mice survived. The Fz + SN50 group was significantly 
more protected than the Fz alone group. The addition of SN50 to 
Fz + CpG confers equal protection, while improving side effects and 
tolerability from the initial vaccination. Adding SN50 to Fz conferred 
enhanced protection equal to the Fz  +  CpG group. This demon-
strates that SN50, in addition to improving tolerability, can also en-
hance the adaptive immune potential of the vaccine. We plan to 
examine how SN50 achieves this result in subsequent investiga-
tions, but the evidence with the OVA model suggests that cellular 
responses are enhanced with the addition of SN50.

Mice were analyzed for change in body weight and body tem-
perature for 14 days after challenge (Fig. 3, G and H, and fig. S12). The 
peak average weight loss between Fz (−9.9%) and Fz + SN50 
(−2.67%) was statistically significant. Greater weight loss is associated with 
a more intense infection. These data demonstrate that adding SN50 
to Fz improves the response to infection. Addition of SN50 to 
Fz + CpG demonstrates no significant change in weight loss, indi-
cating that the SN50 can reduce systemic TNF- and IL-6 and side 
effects from vaccination with no detrimental effects to the protective 
response. In the case of influenza, Fz + CpG produces a high-quality 
immune response that confers adequate protection. Therefore, 
establishing whether SN50 enhances the protective response or 
simply maintains the response is challenging. However, because of 
the decrease in side effects and increase in tolerability profile after 
vaccination, the addition of SN50 enhances the quality of the vac-
cine. In addition, highly enhanced vaccine protection was observed 
when SN50 was combined with Fz alone, indicating that in certain 
cases, the immune potentiator may serve to boost vaccine protec-
tion without a need to incorporate additional adjuvants.

As an additional parameter of disease pathology, we examined 
body temperature after challenge. Unlike in humans, mice demon-
strate a reduction in body temperature upon infection (62). The 
placebo has the largest peak drop in temperature (−4.57°C), fol-
lowed by the Fz group (−1.58°C) (Fig. 3H). Adding SN50 to Fz or 
Fz + CpG mitigated the decrease in temperature across all groups.

Tolerability and protection of new vaccine adjuvants are typically 
considered two interdependent variables with an inverse relation-
ship, where adequate protection is acquired by limiting tolerability 
or vice versa. As this potentiator makes the vaccine both safer and 
more protective, we sought a single way to analyze how SN50 was 
changing the tolerability and protection profile. As these variables 
are considered inversely related, there are few precedents for cor-
relation. However, a common scoring system used widely across 

Table 1. Gene expression in the draining lymph node. Twenty-four 
hours after vaccination with OVA and CpG or CpG + SN50, fold change 
relative to vaccination with OVA only. n = 3. 

Gene CpG P value CpG + SN50 P value

Gapdh 1.0 1.0

Cd40 8.1 0.436 6.5 0.015

Cd86 4.5 0.154 7.6 0.004

Cxcl10 25.7 0.027 88.8 0.020

Cxcl11 45.5 <0.001 425.7 0.005

Cxcr3 4.0 0.042 0.9 0.173

Edn1 3.3 0.005 33.3 0.013

Gzmb 109.1 0.217 157.9 0.038

Ifng 9.6 0.012 55.2 0.028

Il6 278.1 0.425 146.6 0.003

Nos2 6.9 0.104 126.9 0.208

Tnf 2.5 0.615 3.5 0.196
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fields is a quartile-based scoring system (63–66). Following prece-
dent for scoring systems, we developed a tolerability-versus-protection 
plot (fig. S13). This plot is meant only to serve as a visual represent
ation of all data collected within this study. All groups that included 
SN50 in the vaccination increased both the tolerability profile and 
the protection of the vaccine. When all data are taken together, we 
conclude that SN50 acts as an immune potentiator by both increas-
ing the tolerability profile and improving the protective outcome of 
the vaccination.

Next, we wanted to examine whether this type of immune po-
tentiator could improve tolerability and maintain the adaptive re-
sponse across a broader range of diseases and antigens. We chose to 
model vaccines against dengue and HIV because they represent 
additional, important diseases with active vaccine research. In each 
case, challenges with current methods have been identified, and we 
wanted to see whether SN50 could help address those challenges as 
well as maintain the current function of vaccination strategies. For 
dengue, the main challenge is producing antibodies that neutralize 
the virus, inhibiting cellular uptake. For HIV, a key challenge is gen-
erating IgA antibodies at the mucosal interface as well as eliciting 
broadly neutralizing antibodies targeted to select epitopes. To explore 
how adding an immune potentiator affects each of these responses, 
we analyzed each antigen set in greater detail.

Examination of immune potentiator on  
dengue neutralization
To explore dengue, we vaccinated mice with the capsid protein of 
dengue serotype 2 (DENV-2C) and CpG (50 g), CpG  +  500 g 
SN50. As for other antigens with CpG, SN50 completely eliminated 
expression of systemic TNF- and IL-6 (Fig. 4, A and B). On day 28, 

we analyzed the difference in antibody concentration (Fig. 4C). 
Antibody concentration in CpG + SN50 mice was almost twofold 
higher than the CpG group.

To determine whether SN50 alters the neutralization potential, 
we analyzed the neutralizing titer for four strains of dengue (Fig. 4D). We 
tested four serum samples against one strain representative of each 
dengue serotype. The differences in neutralization potential were 
not significantly different between the two groups, implying that, 
similar to our flu results, SN50 improved the tolerability profile 
while maintaining the protective responses of vaccination.

Analysis of influence of immune potentiator on  
HIV vaccination
To further test the efficacy of vaccines with SN50 and to attain a 
broader picture of the induced humoral immune response, we vac-
cinated mice with gp120, a viral coat protein from HIV necessary 
for infection and a target of many HIV vaccines, using CpG as the 
immune adjuvant. Mice vaccinated with CpG demonstrated high 
levels of both TNF- and IL-6, whereas all other groups including 
mice vaccinated with CpG + SN50 demonstrated nondetectable levels 
of these systemic cytokines at the 1-hour time point (Fig. 4, E and F). 
On day 28, we analyzed the serum anti-gp120 antibody concentra-
tion. The CpG + SN50 group induced a 4.7-fold higher anti-gp120 
IgG antibody level than the CpG group in the serum (Fig. 4, G and H). 
This demonstrates that the addition of SN50 increases IgG antibody 
levels across multiple antigens and suggests that it may serve as a 
general immune potentiator. Because mucous membranes are par-
ticularly susceptible to HIV infection, we also measured the anti-
gp120 IgG and IgA antibody concentration in vaginal secretions 
(Fig. 4, I and J). The CpG + SN50 group demonstrated a 4.4-fold 
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increase in anti-gp120 IgA antibodies than mice vaccinated with 
CpG alone. These results suggest that SN50 with gp120 may help 
induce class-switching to IgA antibody isotype.

The increased values and alteration in IgA levels made us curious 
about how gp120 was being processed, so we next examined alter-
ations in the gp120 epitopes recognized by the resulting antibodies, 
using an overlapping peptide microarray (fig. S14). The number of 
epitopes recognized by CpG alone was higher than antibodies 
collected from CpG + SN50 mice; however, the fluorescence mean 
intensity of recognized epitopes is higher in the CpG + SN50 mice 
(Fig.  4,  K  and  L)—implying a higher concentration of antibodies 
against those epitopes. From these data, we demonstrate that the 
addition of SN50 shifts the epitope selectivity in the case of gp120. 
This may prove valuable with diseases where the current recognized 
epitopes are not effective at providing protection.

Improvement of adjuvant responses across a  
variety of TLRs and species
To examine the effects of the SN50 across a broad range of TLR 
agonists, we performed quantitative polymerase chain reaction 
(qPCR) on RAW macrophages treated with SN50 followed by stim-
ulation with agonists of different TLRs. We stimulated cells with 
SN50 and lipopolysaccharide (LPS; 10 ng/ml), CpG (5 g/ml), R848 
(1 g/ml), and Pam3CSK4 (100 ng/ml) and compared transcript 
levels to cells treated with TLR agonist alone (Fig. 5A). We chose 
these TLR agonists because they represent a subset of the com-
pounds with promising potential for commercial use if the inflam-
matory side effects could be controlled. In RAW macrophages, we 
observed down-regulation of TNF- and IL-6 proinflammatory 
cytokine transcript levels. Across all agonists, the cell surface receptors 
CD86 and MHCII transcript levels were up-regulated, compared 
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with agonist alone. This matches with our in vivo observation of 
increases in cd86 expression within the lymph node and increased 
cellular activity when using SN50 with CpG and suggests that the 
same effects of increased T cell response and increased expression 
of genes associated with cell migration and cytotoxicity in T cells 
would be maintained for most adjuvants.

To examine how this would translate in vivo, we vaccinated mice 
with CpG (50 g), Pam3CSK4 (20 g), and R848 (50 g) using 
gp120 as the antigen. We chose to run these adjuvants alongside the 
most widely used adjuvant, alum (250 g).

With CpG, we observed complete elimination of systemic TNF- 
and IL-6 proinflammatory cytokines (Fig. 5, B and C). With R848 
and Pam3CSK4, we saw a significant decrease in both TNF- and 
IL-6. We hypothesize that SN50 is less effective at decreasing cyto-
kines with R848 because of the low molecular weight of the R848 
molecule, enabling more rapid systemic distribution. Alum alone 
did not evoke a systemic cytokine response, and the addition of 
SN50 did not alter the cytokine profile. The addition of SN50 in-
creased the average antibody levels for all adjuvants, including alum; 
however, it was not a statistically significant increase for Pam3CSK4 
and R848. These data demonstrate that SN50 can be used to de-
crease systemic inflammation over a wide range of adjuvants while 
maintaining or even increasing the adaptive response. This demon-
strates the broad potential use of this system to a large number of 
immune adjuvants (Fig. 5D).

To understand how this effect may translate to human vaccina-
tions, we treated THP-1 monocytes with LPS (1 g/ml) with or 
without SN50. Cells treated with SN50 and LPS expressed markedly 
lower levels of TNF- and IL-6 (Fig. 5E). We also observed 
increased levels of CD40 and CD86 (Fig. 5F). In addition, we exam-
ined the effects of SN50 on primary peripheral blood mononu-
clear cells (PBMCs) from nonhuman primate (NHP) rhesus macaque. 
We stimulated NHP PBMCs with SN50 and LPS or LPS alone for 
6 hours and analyzed the cell supernatant for proinflammatory 
cytokines. Cells stimulated with LPS demonstrated high levels of 
TNF- and IL-6 in the cell supernatant, and cells with SN50 demon-
strated significant reduction in cytokine levels (Fig. 5G). We ob-
served that CD86 expression was increased by twofold in cells 
stimulated with SN50 and LPS compared with cells stimulated with 
LPS alone (Fig. 5H). This implies that SN50 may work similarly in 
NHP and humans as it does in mice.

DISCUSSION
Using a broad range of TLR agonists, we show both in vitro and 
in vivo that a cell permeable inhibitor of the p50 subunit of NF-B 
potentiates the immune response—reducing inflammation and side 
effects while increasing antibody responses. Coadministration of 
CpG with the immune potentiator results in significantly reduced 
levels of systemic proinflammatory cytokines, often to undetectable 
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Fig. 5. In vivo vaccinations across a broad range of adjuvants. (A) qPCR gene expression analysis of RAW macrophages stimulated with SN50 and TLR agonists com-
pared with cells stimulated with TLR agonist alone. Proinflammatory cytokines TNF- (gray bars) and IL-6 (orange bars) and cell surface receptors CD40 (purple bars), CD80 
(green bars), CD86 (red bars), and MHCII (blue bars). (B) Systemic TNF- cytokine levels of TNF- measured at 1 hour after injection with gp120 and PBS, CpG, CpG + SN50, 
Pam3CSK4, Pam3CSK4 + SN50, R848, R848 + SN50, alum, and alum + SN50, n = 4. (C) Systemic IL-6 cytokine levels measured at 1 hour after injection. (D) Serum IgG anti-
body concentrations, day 28. (E) Human THP-1 cell proinflammatory cytokines TNF- and IL-6 in cell supernatant after treatment with PBS (black bars), SN50 (orange bars), 
LPS (gray bars), or LPS + SN50 (blue bars). (F) Cell surface receptor expression on human THP-1 cell after treatment with PBS (black bars), SN50 (orange bars), LPS (gray 
bars), or LPS + SN50 (blue bars). (G) Cytokine expression analysis of TNF- and IL-6 in cell supernatant of NHP PBMCs 6 hours. No SN50 (red bars), SN50 (blue bars). LPS 
(1 g/ml). (H) CD86 expression of NHP PBMCs 18 hours. No SN50 (red bars), SN50 (blue bars). *P < 0.05, **P < 0.01, and ***P < 0.001.
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levels. At the same time, the addition of the immune potentiator 
results in a threefold increase in the IgG levels of antibodies for the 
model antigen OVA. This indicates that it is possible to potentiate 
the adaptive immune response while limiting inflammation from 
the innate immune system. We examined how potentiation would 
enhance the capabilities of adjuvant to improve the immune re-
sponse. In our influenza model, we directly examined side effects in 
response to the current commercial flu vaccine and Fz + CpG and 
determine that adding SN50 reduces side effects and systemic 
proinflammatory cytokine levels, improving the tolerability of the 
vaccine. We also demonstrate that the tolerability profile can be 
enhanced without negatively effecting—and in most cases—
improving the protective response. After vaccinated mice were 
challenged with influenza A, mice with SN50 added to the vaccine 
had increased survival, less weight loss, and less change in body 
temperature, demonstrating that SN50 enhances protection. To study 
the effects of potentiation on TLR agonists as vaccine adjuvants, we 
selected three diseases—influenza, dengue, and HIV—all of which 
have had different challenges in vaccine development. In dengue 
vaccination, the goal is to increase antibody neutralization potential 
while maintaining a safe profile. We demonstrate that there are no 
detrimental effects to dengue neutralization of antibodies with the 
addition of SN50, enabling us to mitigate side effects but maintain 
the protective response. In HIV, we vaccinated with HIV envelope 
protein gp120, CpG, and SN50, which increased both IgG and IgA 
levels. Analysis of antibodies produced through vaccination with 
SN50 demonstrates a shift in recognized epitopes. This could be 
useful in creating antibodies against epitopes that have previously 
been difficult to achieve using conventional methods. While very 
preliminary, the increased IgA levels warrant further investigation 
as few adjuvants have demonstrated a capability to increase IgA levels. 
The alteration of NF-B signaling appears quite general as it po-
tentiates the adaptive response with many TLR agonists and anti-
gens. In addition, we demonstrate that directly inhibiting the local 
inflammatory response at the injection site does not negatively 
affect the adaptive response. SN50 is one of hundreds of similar 
NF-B potentiators (67). When used in combination with the 
appropriate TLR agonist, many potentiators may prove useful for 
eliciting specific and potentially tunable responses for distinct 
vaccines or immunotherapies. This methodology may find use in 
reducing the systemic side effects associated with inflammation 
seen in many vaccines that elicit inflammation via NF-B signaling 
(24). This method has the potential to enable a wider range of pat-
tern recognition receptor (PRR) agonists to be used safely in vac-
cines and to expand the window under which adjuvants can be 
safely administered. It may also increase the diversity of adaptive 
immune profiles and widen the scope of disease prevention and 
treatment.

In conclusion, we have demonstrated that using a specific NF-B 
inhibitor in combination with common immune adjuvants can 
decrease systemic proinflammatory cytokine production while boost-
ing cell surface receptor expression for effective antigen presentation 
and T cell activation in mouse, human, and NHP primary cells. The 
use of this inhibitor in vivo completely reduced systemic TNF- and 
IL-6 to baseline levels while increasing the downstream adaptive 
humoral response from the vaccination. These phenomena were 
observed across a broad range of antigens for a variety of pathogens, 
demonstrating that this may prove a general strategy for improving 
vaccination response while conforming to strict safety standards. 

There are hundreds of documented immune adjuvants that provide 
adequate protection against diseases, but the inability to inde-
pendently modulate inflammation and side effects limit their use. 
(11, 68) In addition, there are hundreds of NF-B inhibitors, some 
already with U.S. Food and Drug Administration approval, which 
could be multiplexed with different TLR agonists to provide a broad 
range of immune responses (42). We anticipate this framework will 
enable a variety of TLR agonists to be used safely in human vac-
cines, increasing the diversity of adaptive immune profiles and 
widening the scope of disease prevention and treatment.

MATERIALS AND METHODS
Study design
The overall objective of this study was to investigate the effect of 
SN50 on early innate immune responses and adaptive immune re-
sponses. Randomization was performed in the influenza challenge 
study. Otherwise, no randomization or blinding was performed. 
The experiments were designed to maximize data collection using 
fewer animals and to be able to include controls such as PBS injec-
tion and SN50 alone for comparison. The sample sizes were chosen 
on the basis of preliminary experiments or literature precedent. 
Number of animals analyzed is stated in the figure legends.

RAW-Blue NF-B assay
RAW-Blue NF-B cells (InvivoGen) were passaged and plated in a 
96-well plate at 100,000 cells per well in 180 l of Dulbecco’s modi-
fied Eagle’s medium (DMEM) containing 10% heat-inactivated fetal 
bovine serum (HIFBS). Cells were incubated at 37°C and 5% CO2 
for 1 hour. SN50 was added at indicated concentrations; cells were 
incubated for 1 hour. Immune agonists were added at their indicat-
ed concentrations. The volume of each well was brought to 200 l 
and incubated at 37°C and 5% CO2 for 18 hours. After 18 hours, 
20 l of the cell supernatant was placed in 180 l of freshly prepared 
QuantiBlue (InvivoGen) solution and incubated at 37°C and 5% 
CO2 for up to 2 hours. The plate was analyzed every hour using a 
Multiskan FC plate reader (Thermo Fisher Scientific), and absor-
bance was measured at 620 nm.

THP-1 blue NF-B assay
THP-Blue NF-B cells (InvivoGen) were passaged and plated in a 
96-well plate at 400,000 cells per well in 180 l of RPMI 1680 con-
taining 10% HIFBS. Cells were incubated at 37°C and 5% CO2 for 
1 hour. SN50 was added at indicated concentrations, and cells were 
incubated for 1 hour. Immune agonists were added at their indicat-
ed concentrations. The volume of each well was brought to 200 l 
and incubated at 37°C and 5% CO2 for 18 hours. After 18 hours, the 
plate was spun down at 400g (Allegra X-30, Beckman Coulter), and 
20 l of the cell supernatant was placed in 180 l of freshly prepared 
QuantiBlue (InvivoGen) solution and incubated at 37°C and 5% 
CO2 for up to 2 hours. The plate was analyzed every hour using a 
Multiskan FC plate reader (Thermo Fisher Scientific), and absor-
bance was measured at 620 nm.

Gene expression
RAW 264.7 macrophages or THP-1 cells were passaged and plated 
in a cell culture–treated six-well plate at 4 × 106 cells per well in 
1.5 ml of DMEM or RPMI (respectively) containing 10% HIFBS. 
SN50 (250 g/ml) or PBS was added to wells, and cells were incubated 
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for 1 hour at 37°C and 5% CO2 for 6 hours. RNA was extracted using 
RNeasy Plus Mini Kit (Qiagen). Reverse transcription PCR was 
performed using RT2 First Strand Kit (Qiagen) and Bio-Rad ther-
mocycler according to the manufacturer’s protocol. Complemen-
tary DNA (cDNA) was stored at −20°C. RT2 SYBR ROX qPCR 
Master Mix (Qiagen) was used according to the manufacturer’s 
protocol. qPCR amplification was performed using a Stratagene 
Mx3005P thermocycler.

Flow cytometry
All antibodies were purchased from BioLegend or Thermo Fisher 
Scientific. Antibodies used in this study include the following: 
mouse—allophycocyanin (APC) TNF- (MP6-XT22), fluorescein 
isothiocyanate (FITC) CD4 (RM4-5), APC IL-4 (11B11), FITC 
CD8a (53-6.7), phycoerythrin (PE) IFN- (XMG1.2), FITC CD11c 
(N418), PE CD11c (N418), PE TNF- (MP6-XT22), APC IL-6 
(MP5-20F3), FITC CD86 (PO3), APC CD40 (3/23), PE CD8 (53-6.7), 
APC B220 (RA3-6B2), TNF-–neutralizing antibody (TN3-19.12), 
and IL-6–neutralizing antibody (MP5-20F3); human—FITC CD86 
(BU63) and PE CD40 (HB14).

BMDC cell surface marker and cytokine staining
Monocytes were harvested from 6-week-old C57BL/6 mice. Mono-
cytes were differentiated into dendritic cells (BMDCs) using sup-
plemented culture medium: RPMI 1640 (Life Technologies), 10% 
HIFBS (Sigma-Aldrich), GM-CSF (20 ng/ml; produced using “66” 
cell line), 2 mM l-glutamine (Life Technologies), 1% antibiotic-
antimycotic (Life Technologies), and 50 M -mercaptoethanol 
(Sigma-Aldrich). After 5 days of culture, BMDCs were incubated 
with SN50 (250 g/ml). After 1 hour, CpG ODN 1826 (Integrated 
DNA Technologies, IDT) and GolgiPlug (1 l/ml; BD Biosciences) 
were added. Cells were incubated for 6 hours at 37°C and 5% CO2. 
Cells were stained for CD40, CD86, and intracellular IL-6 and 
TNF- cytokine production and analyzed using BD Accuri C6 flow 
cytometer.

NHP cell surface marker and cytokine analysis
Blood samples were collected in EDTA-coated collection tubes from 
rhesus macaques. Whole blood was diluted to a final ratio of 1 part 
blood to 1 part PBS and layered over Lympholyte-Mammal Cell 
Separation Media (Cedarlane). Samples were centrifuged at 800g 
for 20 min at room temperature (RT), and the buffy coat was collected 
and washed. Cells were counted and cryopreserved in 45% RPMI 
1640 media, 45% fetal bovine serum, and 10% dimethyl sulfoxide and 
stored in liquid nitrogen until tested. Samples were treated with 
SN50 (125 g/ml) and incubated at 37°C and 5% CO2 for 1 hour. 
After 1 hour, LPS (1 g/ml) was added, and cells were incubated for 
12 hours. Supernatant was tested for cytokine secretion using BD 
Nonhuman Primate Th1/Th2 Cytokine Kit. Cells were pelleted and 
stained for CD86 expression using BD Cytofix/Cytoperm Fixation/
Permeabilization Solution Kit according to the manufacturer’s protocol.

THP-1 cytokine and cell surface marker analysis
THP-1 cells (2 × 106 cells) were plated in a 12-well plate in 500 l of 
RPMI containing 10% HIFBS. SN50 (100 g/ml) was added and in-
cubated at 37°C and 5% CO2 for 1 hour. After 1 hour, LPS was add-
ed to wells (1 g/ml). After 6 hours, cell supernatant was removed 
and analyzed for cytokines using Human Inflammatory Cytometric 
Bead Array (BD Bioscience). Cells were stained for CD86 and CD40 

using BD Cytofix/Cytoperm Fixation/Permeabilization Solution 
Kit according to the manufacturer’s protocol.

Scanning electron microscopy analysis
Sample suspensions obtained directly from injection mixtures were 
dried for 24  hours, mounted on carbon tape, and sputter coated 
(South Bay Technologies) with approximately 2 to 4 nm of Au/Pd 
60:40 or Ir. Scanning electron microscopy of the sample suspen-
sions was performed using an FEI Quanta 3D FEG dual beam 
(scanning electron microscope/focused ion beam) equipped with 
Inca EDS (Oxford Instruments).

In vivo studies
Animals
All animal procedures were performed under a protocol approved 
by the University of Chicago Institutional Animal Care and Use 
Committee (IACUC). Six- to 8-week-old C57/B6 female mice were 
purchased from the Jackson laboratory. All compounds were tested 
for endotoxin before use. All vaccinations were administered intra-
muscularly in the hind leg. Blood was collected from the saphenous 
vein at time points indicated.

Antigens were purchased from Sino Biological {HIV subgroup 
M, influenza A H1N1 (A/California/04/2009) hemagglutinin (HA) 
protein, dengue virus DENV-2 (strain New Guinea C) capsid pro-
tein/DENV-C protein (His tag), Virogen [HIV-1 env (gp41) anti-
gen]} or Invitrogen (VacciGrade Ovalbumin). VacciGrade CpG 
ODN 1826 was purchased from InvivoGen or AdipoGen. SN50 was 
synthesized via solid-phase peptide synthesis as previously described 
(69) and purified using Gilson preparatory high-performance 
liquid chromatography (HPLC).
Vaccinations
Mice were lightly anesthetized with isoflurane and injected intra-
muscularly in the hind leg with 50 l containing antigen, adjuvant, 
and PBS. Antigen doses were as follows: OVA (100 g), DENV-2 C 
(5 g), and gp120 (3 g). CpG dose was 50 g; SN50, 500 g (unless 
otherwise stated); TNF-N, 30 g; and IL-6 N, 30 g.
Plasma cytokine analysis
Blood was collected from mice at specified time points in 0.2 ml of 
heparin-coated collection tubes (VWR Scientific). Serum was iso-
lated via centrifugation 2000g for 5 min. Supernatant was collected 
and stored at −80°C until use. Serum was analyzed using BD Cyto-
metric Bead Array Mouse Th1/Th2/Th17 Cytokine Kit or Mouse 
Inflammation Cytokine Kit according to the manufacturer’s proto-
col. Briefly, beads containing antibodies for desired cytokines were 
mixed with 50 l of serum and 50 l of PE detection reagent and 
incubated for 2 hours. Beads were washed and analyzed using BD 
Accuri C6 flow cytometer. Data were analyzed using BD Accuri C6 
software and GraphPad Prism.
Antibody quantification
Mice were vaccinated with indicated formulations. Blood was col-
lected at time points indicated in 0.2 ml of heparin-coated collec-
tion tubes (VWR Scientific) for plasma or uncoated tubes for serum. 
Plasma was isolated via centrifugation (2000g, 5 min). Serum was 
isolated by allowing blood to clot for 15 to 30 min at RT and centri-
fuging (2000g for 10 min) at 4°C. Serum was analyzed using a quan-
titative anti-OVA total Ig’s ELISA kit (Alpha Diagnostic International) 
according to the specified protocol. Total IgG and IgA were ana-
lyzed using total mouse IgG or IgA uncoated ELISA (Invitrogen) 
and was analyzed using a Multiskan FC plate reader (Thermo Fisher 
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Scientific), and absorbance was measured at 450 nm. Data were 
analyzed using GraphPad Prism.
Lymph node gene expression
Mice were vaccinated as described above, and the draining inguinal 
lymph node was harvested 24 hours after vaccination and placed in 
PBS on ice. A single-cell suspension was created by pushing the 
lymph node through a 70-m filter in a six-well plate, and filter was 
washed with 500 l of PBS. Cells were pelleted and resuspended in 
TRIzol, and RNA was isolated using a Zymo Direct-zol RNA Mi-
croprep kit. SuperScript IV First-Strand Synthesis System was used 
for synthesis of first-strand cDNA. A Mouse Immune TaqMan Array 
(Thermo Fisher Scientific) and a Lifetech Viia7 (Applied Biosystems) 
thermocyler were used to analyze gene expression according to the 
manufacturer’s protocol. Data were analyzed using Agilent Intro-
duction to Quantitative PCR Methods and Applications Guide using 
ddCt method as outlined at www.agilent.com/genomics.
Antigen recall assay
Mice were vaccinated and boosted on day 14 as described above. On 
day 21, spleens were harvested and placed in PBS on ice. Spleens 
were crushed between two frosted glass slides and pushed through 
a 70-m filter. Cells were pelleted at 400g for 10 min and resuspend-
ed in prewarmed BD Pharm Lyse lysing solution and incubated at 
37°C for 3 min. PBS (30 ml) was added, and cells were pelleted at 
400g for 10 min. Cells were resuspended at 2 × 106 cells/ml in RPMI 
supplemented with 10% HIFBS. Cells were added to a flat-bottom 
96-well plate precoated with anti-CD3 (3 g/ml). Antigen or epi-
tope (20 g/ml) and anti-CD28 (5 g/ml) were added, and cells were 
incubated for 48 hours. After 48 hours, cells were pelleted at 400g 
for 10 min, and cell supernatant was removed and analyzed using 
LEGENDplex Mouse Th Cytokine Panel according to the manufac-
turer’s protocol.
Epitope analysis
Mouse serum was collected as described above, and samples were 
analyzed using Multiwell RepliTope microarray for appropriate an-
tigen (JPT Innovative Peptide Solutions) according to the manufac-
turer’s protocol. Briefly, serum samples were diluted in 3% BSA in 
1× tris-buffered saline (TBS) buffer + 0.1% Tween 20 (TBS-T) to a 
final concentration of 10 g/ml. The microarray was fitted with an 
ArraySlide 24-4 chamber (JPT Innovative Peptide Solutions) to en-
able multisample analysis. Diluted serum (50 l) was added to sample 
wells and incubated for 1 hour at 30°C. Wells were washed five 
times with TBS-T. Secondary antibody (150 l, 1 g/ml) was added 
to wells and incubated at RT for 1 hour. Wells were washed five times 
with TBS-T and two times with Nanopure water. Arrays were 
imaged using a Caliber I.D. RS-G4 confocal microscope and ana-
lyzed using ImageJ.

Influenza challenge model
Animals
All animal procedures were performed under a protocol approved 
by the Illinois Institute of Technology Research IACUC. Six- to 
8-week-old C57/B6 female mice were purchased from Charles River. 
All compounds were tested for endotoxin before use. All vaccina-
tions were administered intramuscularly in the hind leg.

Initial group assignments were assigned to using a computerized 
randomization procedure based on body weights that produce sim-
ilar group mean values [ToxData version 3.0 (PDS Pathology Data 
Systems Inc., Basel, Switzerland)]. Mice were vaccinated by intra-
muscular injection into the hind leg on days 0 and 21. The vaccine 

material used in this study is Fluzone Quadrivalent influenza vaccine 
(Sanofi Pasteur). Each 0.5-ml dose of Fluzone contains at least 15 g 
of HA from each of the following four influenza strains recom-
mended for the 2017/2018 influenza season: A/Michigan/45/2015 
X-275 (H1N1)pdm09-like strain, A/Hong Kong/4801/2014 X-263B 
(H3N2)-like strain, B/Phuket/3073/2013-like strain, and B/Brisbane/ 
60/2008-like strain. At least 1 g of each strain was used in vaccina-
tion of the mice.

Body weights were collected 24, 48, and 72 hours after prime 
vaccination. Body temperatures were collected 1, 3, 24, 48, and 
72 hours after prime vaccination. Blood samples were collected on days 0, 
14, 28, 42, and 56. Plasma was collected on day 0. Serum was collected 
on days 14, 28, 52, and 56. Five animals from each group were 
humanely euthanized on day 14 after vaccination. Spleens were col-
lected for T cell analysis. On day 43 after vaccination, all mice were 
challenged via intranasal route with a lethal dose of A/Michigan/ 
45/2015. The dose level of challenge virus used was an equivalent of 
5 LD50. For inoculation, mice were anesthetized with a ketamine 
(80 mg/kg) and xylazine (10 mg/kg) mixture. Once anesthetized, 
0.025 ml of inoculum was delivered dropwise into the nares. The 
mouse was held upright to allow the virus to be inhaled thoroughly 
and then returned to its cage. After challenge, body weights and 
temperature readings were recorded daily through a transponder 
(Bio Medic Data Systems, Seaford, DE) implanted subcutaneously 
in each mouse. Animals were monitored for morbidity/mortality 
for 14 days after infection. Any animals meeting predetermined 
moribund criteria (>20% weight loss) were humanely euthanized. 
Three animals from each group were humanely euthanized on day 
3 after challenge (day 45), and lungs were collected for viral quanti-
tation by plaque assay/median tissue culture infectious dose 
(TCID50). Tissues for viral titers were weighed then flash frozen in 
an ethanol/dry ice bath or liquid nitrogen and stored at ≤−65°C. Frozen 
organs were thawed at 37°C for 5 min. Once thawed, organs were 
homogenized in minimum essential medium 10% (w/v) using a 
Bead Ruptor 12 (Omni International, Kennesaw, Georgia) in tubes 
containing 1.4-mm ceramic beads. Homogenized organs were cen-
trifuged at 2000g for 5 min to remove cellular debris. The resulting 
supernatant was serially diluted 10-fold and then transferred into 
respective wells of a 96-well plate containing a monolayer of 
Madin-Darby canine kidney cells (MDCK) cells for titration. The 
TCID50 assay will be performed. TCID50 titers will be calculated 
using the method of Reed-Meunch. The remaining five mice in 
each group were monitored for the remaining days of the challenge.
Neutralization assays
Serum samples were tested against a representative of each dengue 
serotype (DENV-1: strain Hawaii, DENV-2 strain New Guinea C, 
DENV-3 strain Philippines/H87/1956, and DENV-4 strain H241). 
Sera were serially diluted twofold (starting dilution 1:100) and then 
incubated with standardized virus concentration of 50 to 120 PFU 
of each strain. The serum:virus mixture was transferred into respec-
tive wells of a 96-well plate that contained a monolayer of Vero cells. 
The cells were incubated for 40 hours at 37°C. After 40 hours of 
incubation, the cells were fixed with 1.0% paraformaldehyde and 
stained by Anti-Flavivirus Group Antigen Antibody, clone D1-
4G2-4-15 (Millipore Billerica, MA) followed by peroxidase-conjugated 
goat anti-mouse IgG (Kirkegaard and Perry Laboratories, Gaithersburg, 
MD). Spots were developed using TrueBlue Peroxidase Substrate 
(Kirkegaard and Perry Laboratories, Gaithersburg, MD). Plaques 
were visualized and counted using an ELISPOT instrument. Plaque 
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reduction neutralization test (PRNT) titers were expressed in terms 
of conventional 50% PRNT end point titers.
Tolerability and protection score
We assigned a tolerability score composed of systemic TNF-, IL-6 
levels, and weight loss after vaccination. A score for each TNF-, 
IL-6, and weight loss was assigned for each mouse. The tolerability 
score of a single mouse represents the summation of these individual 
scores. A protection score was assigned on the basis of survival, 
change in body weight, and change in body temperature after chal-
lenge. Scores were determined by dividing values into quartiles and 
assigning a number from 0 to 4 based on the quartile. Higher values 
indicate an improved safety profile (lower TNF- or IL-6 and less 
weight loss after vaccination) or improved protection (survival, less 
weight loss, and higher body temperature after challenge).
Statistics and replicates
Data are plotted and reported in the text as the means ± SEM. Sample 
size is as indicated in biological replicates in all in vivo and in vitro 
experiments. The sample sizes were chosen on the basis of prelimi-
nary experiments or literature precedent indicating that the num-
ber would be sufficient to detect significant differences in mean 
values should they exist. P values were calculated using a one-way 
analysis of variance (ANOVA) and Tukey post hoc test or two-tailed 
unpaired heteroscedastic t test where appropriate. All experiments 
have been repeated (sometimes with minor variations because of 
reagents and materials), and replication was successful.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/37/eaaz8700/DC1

View/request a protocol for this paper from Bio-protocol.
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