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Selected TLR agonists act in synergy to reprogram DC-NK cross-talk 
and generate effector T cells in nicotinic environment
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Abstract
The magnitude of immune responses to vaccination is a critical factor in
determining protection from diseases. We reported that nicotine disrupts the
properties of DCs that are pivotal in the initiation of immune response to
vaccines. Here we investigated whether TLR agonist(s) could overcome the
effects of nicotine on human DC and DC-NK cross-talk essential for effector T cell
generation. nicDC, nicDC-NK, and nicDC-NK-T cultures exposed to TLR agonists
were evaluated for expression of costimulatory molecules, cytokines, and
intracellular cytokine IFN-g using ELISA and flow cytometry. Our data shows that
among the TLR agonists, TLR3 and TLR8/7 synergistically optimized nicDC
maturation co-cultured NK cell activation. Importantly, similar to DC-NK, nicDC-
NK treated with TLR3 and TLR8/7 and co-cultured with naïve T cells promoted a
comparable number of effector T cells. Our data suggest that the addition of
appropriate TLR agonist(s) to vaccine formulation could potentially improve the
smokers’ immune response to vaccination. Supported by NIH-NIAID
1R03AI103750-01A1 Grant and OURI Award.

Introduction
Vaccines are one of the most successful means of preventing communicable
diseases from spreading to humans by directly protecting vaccinated individuals
and indirectly preventing circulation of infectious agents to individuals
(newborns, elderly, pregnant women, HIV/AIDS, and immunocompromised) who
are not eligible for vaccines through its herd effect. In addition, vaccines ease
financial strain from illness-related hospitalization and increase workforce
productivity due to fewer sick days. Today, one of the priorities of vaccine
program agencies (WHO, NIH, CDC) is to put a global halt to infectious diseases
by developing new and improved vaccines that are safe and effective in all target
populations. However, the reduced protection seen in smokers compared to
nonsmokers after vaccination (1-3) has been one of the major hurdles to this
effort and could have dire consequences for public health particularly during
epidemic season and pandemic outbreak.

In response to vaccines, dendritic cells (DCs), the professional antigen presenting
cells, sense and deliver the antigen and shape the adaptive immune response (4).
However, DCs do not act in isolation but potentiate their efficiency by interacting
with NK cells recognizing the same Pathogen-Associated Molecular Patters
(PAMPs) via their own Toll-like receptors (TLRs). DCs regulate different aspects of
NK-cell activation, notably their IFN-g cytokine production (5). In turn, NK cells
provide immunoregulatory “helper” functions by causing further DC maturation
and IL-12 production for efficient Th1 polarization (6). We reported that nicotine
induces alterations in the biological activities of ex vivo generated human DCs
(henceforth called nicDCs), particularly the ability to prime effector memory Th1
cells (7-9). Importantly, we found the defects seen in nicDCs are reversible and
IFN-g is a requirement in this process (9). Indeed, IFN-g exposure restored nicDCs
ability to drive the progressive differentiation of naïve T cells towards central-
(TCM) and effector- (TEM) memory Th1 cells with TCM capable of generating a rapid
recall response to secondary antigen challenge. Therefore in this study we
investigated whether the use of appropriate TLR agonist(s) improve nicDCs-
nicNKs cross talk and their Th1 promoting capacity.

Conclusion
• Among TLR agonists tested, nicDCs treated with CL075 alone or in combination with

Poly IC or MPLA induced optimal nicDCs maturation.
• Compared to Alum or other TLRs, Poly IC+ CL075 followed by MPLA+CL075 promoted

nicDC-nicNK interactions as evidenced by production of IFN-g by activated NK cells.
• DC-NK-T cocultures treated with Poly IC+ CL075 produced the highest and almost

identical amounts of IFN- in the seconday culture supernatant when compared to
counterpart DCs.

• Overall, our data suggests that addition of appropriate TLR agonists to vaccine
formulation could potentially overcome the immunosuppression seen in smokers.
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Figure 2. Expression of activation marker and cytokine production by NK cells cocultured with
nicDCs in the presence of indicated TLR agonists and nicotine. A) Flow/histogram plots represent
the forward/side scatter and frequency of activated NK cells and their expression of CD69. B) Bar
graph displays the average mean fluorescence intensity (MFI) of the indicated marker expressed
on activated NK cells. C) Bar graph shows the amount of IFN-γ (pg/ml) produced from NK cells
during nicDCs-NK cross talk. Data is shown as means STDEV of error.

Figure1. Expression of cell surface markers and cytokine production by nicDCs treated with single
or multiple TLR agonists and Alum adjuvant in vitro. A, D) Histograms represent specific staining of
cell surface markers on immature (grey) and mature (white). B, E) Bar graphs represent the mean
fluorescence intensity (MFI) of indicated markers expressed on mature nicDCs. C, F) Bar graphs
show the amounts of indicated cytokines release by mature nicDCs. Data is shown as means

STDEV of error.

Figure 3. Development of IFN-γ producing T cells during the co-culture with DCs and NK cells. A,
B) Flow plots and bar graph show the forward/side scatter and frequency of IFN-g producing
effector T cells generated during the primary coculture with DCs and NK cells treated with
indicated TLR agonists. C) Bar graph represents the average production of IFN-g by effector T cells
in specified cocultures. D, E) Flow plots and bar graph show the frequency of IFN-g producing
effector T cells harvested from primary cocultures, rested and re-stimulated with anti-CD3/CD28.
F) Bar graph represents the average amount of IFN-g produced by anti-CD3/CD28 treated effector
T cells. Data is shown as means STDEV of error.

DC/nicDC generation: iDCs were generated from monocyte fraction of PBMCs.
Following 1hr of PBMC incubation at 37°C, adherent cells were cultured in CM
(RPMI 1640, 1% L-glutamine, 1% penicillin/streptomycin, 50μM 2-ME, 1%
sodium-pyruvate, 1% non-essential amino acids and heat-inactivated 10% FCS
or human AB serum) with GM-CSF (50ng/mL) and IL-4 (10ng/mL). Cultures
were fed every 2 days with medium containing cytokines and nicotine
(250μg/mL). On day 6, immature DCs and nicDCs were stained with
corresponding Abs: CD1a, CD14, HLA-DR, CD80, CD83, CD86 and CD40 (BD
Biosciences and eBiciences) and analyzed by Flow cytometry. DC/nicDC were
also activated with TLR agonists: Pam3CSK4, Poly I:C, LPS-Invivogen, MPLA,
Flagellin, CL264, R848, CL075, LyoVec, and Type C CpG oligonucleotide ODN for
either 8 hours or 48 hours and used in DC-NK cross talk and DC-NK-T cell assays
or to measure their cytokine production, respectively.

DC-NK Interactions: iDC/nicDCs and NK cells purified from PBMC (using NK cell
enrichment kit) were cocultured and exposed to the indicated TLR agonists.
Supernatants were collected after 48 hrs and analyzed by ELISA to measure the
amounts of IL-12 and IFN- production by DCs and NK cells, respectively.
Moreover, the NK cells were stained with corresponding mAbs: CD3, CD69 and
CD56 and analyzed by Flow Cytometry to assess activation.

DC-NK-T coculture: Purified T cells were obtained from Ficoll-separated PBMCs
depleted of other cells using StemSepTM T cell enrichment kit (StemCell
Technologies). Enriched cells were then stained with CFSE (5μM) according to
manufacturer’s protocol and co-cultured at 10:1 ratio with 8hr-TLR activated
DC/nicDC-NK cells. After 5 days, aliquots of proliferating T cells were stained
with anti-CD4, anti-CD8 anti-CD69, anti-CD25 and anti-IFN (BD Biosciences)
and analyzed by flow cytometry. The remaining T cells were expanded with IL-2-
containing medium (5U/ml). Following 8-10 days of culture, aliquots of
expanded T cells were stained with anti-CD4, anti-CD8, anti-CCR7 and IFN- .
Finally, the remaining T cells were stimulated with anti-CD3/CD28 (BD
Biosciences) for 72 hrs followed by stimulation for 4-6 hrs with a leukocyte
activation cocktail (BD Biosciences) containing Brefeldin A before intracellular
staining and ELISA assay.

ELISA and Intracellular staining: Supernatants collected from DC/nicDCs , DC-
NK, and DC-NK-T cell cocultures were measured for IL-1beta, TNF-alpha, IL-12,
IL-10, IFN-g by ELISA (eBioscience and BD Bioscience). For intracellular cytokine
detection at the single cell level, T cells were stimulated for 4-6 hrs with a
leukocyte activation cocktail (BD Biosciences) containing Brefeldin A before
staining with anti-IFN-g according to the manufacturer’s protocols (BD
Biosciences) and analyzed by flow cytometry.
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