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Abstract

Production of IFN-γ is a key innate immune mechanism that limits replication of intracellular

bacteria such as Francisella tularensis (Ft) until adaptive immune responses develop. Previ-

ously, we demonstrated that the host cell types responsible for IFN-γ production in response

to murine Francisella infection include not only natural killer (NK) and T cells, but also a vari-

ety of myeloid cells. However, production of IFN-γ by mouse dendritic cells (DC) is contro-

versial. Here, we directly demonstrated substantial production of IFN-γ by DC, as well as

hybrid NK-DC, from LVS-infected wild type C57BL/6 or Rag1 knockout mice. We demon-

strated that the numbers of conventional DC producing IFN-γ increased progressively over

the course of 8 days of LVS infection. In contrast, the numbers of conventional NK cells pro-

ducing IFN-γ, which represented about 40% of non-B/T IFN-γ-producing cells, peaked at

day 4 after LVS infection and declined thereafter. This pattern was similar to that of hybrid

NK-DC. To further confirm IFN-γ production by infected cells, DC and neutrophils were

sorted from naïve and LVS-infected mice and analyzed for gene expression. Quantification

of LVS by PCR revealed the presence of Ft DNA not only in macrophages, but also in highly

purified, IFN-γ producing DC and neutrophils. Finally, production of IFN-γ by infected DC

was confirmed by immunohistochemistry and confocal microscopy. Notably, IFN-γ produc-

tion patterns similar to those in wild type mice were observed in cells derived from LVS-

infected TLR2, TLR4, and TLR2xTLR9 knockout (KO) mice, but not from MyD88 KO mice.

Taken together, these studies demonstrate the pivotal roles of DC and MyD88 in IFN-γ pro-

duction and in initiating innate immune responses to this intracellular bacterium.
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Introduction

Dendritic cells (DC) play a crucial role in the development of specific immune responses

against infections. DC bridge innate and adaptive immune responses by processing and pre-

senting antigen in the context of MHC Class I and/or II, by expressing T cell co-stimulatory

molecules, and by producing cytokines. During innate immune responses, DC, neutrophils,

and natural killer (NK) cells represent the first line of defense against infection, coordinating

to contain microbial replication while adaptive immune responses develop. Through Toll-like

receptor activation in response to pathogen-derived microbial products, DC and NK cells

interact, resulting in NK activation and DC maturation [1]. In an in vitro model of Chlamydia
psittaci infection, activation of NK cells and strong IFN-γ production may occur also by release

of exosomes from infected DC [2].

Another mechanism of defense against intracellular bacteria including Salmonella typhi-
murium, Listeria monocytogenes, Francisella tularensis (Ft), and Mycobacterium tuberculosis is

the production of IFN-inducible proteins such as AIM2 [3, 4]. This response mechanism is

associated with increases in caspase-1, IL-1β, and IL-18 production by DC, which in turn

induce IFN-γ production by T cells [5]. However, following infection with the attenuated vac-

cine strain of Ft, Live Vaccine Strain (LVS), IFN-γ can also be produced directly by CD11c+

cells in spleens [6] suggesting that DC contribute to IFN-γ production in parallel with produc-

tion by NK cells and before T cells.

Intracellular infection by Legionella pneumophila, Salmonella typhimurium, and Yersinia
enterocolitica, or contact with bacterial antigens from Pseudomonas aeruginosa, Streptococcus
pneumoniae or Shigella flexneri, can induce apoptotic programmed cell death of DC, which

facilitates recruitment of additional inflammatory cells and control of bacterial replication [7].

In some circumstances, however, Salmonella-induced DC death may be associated with

reduced antigen presentation; further, intra-dendritic cell infection can be used by Salmonella
as transport for spreading [8]. In contrast, Listeria monocytogenes infection of DC does not

induce apoptosis, and DC survive while maintaining their ability to process bacteria and to

present antigens [9, 10].

In other circumstances, Salmonella, Yersinia, or Helicobacter use different strategies to

evade intestinal DC recognition, and therefore limit T cell activation [11]. Mycobacteria-

infected DC that are outside granulomas migrate less efficiently than non-infected DC. This

results in reduced antigen availability in lymph nodes, and therefore in reduced T-cell

response [12]. Moreover, Mycobacteria ligands can activate immunosuppressive pathways,

leading to suppression of DC maturation and antigen presentation [13, 14]. These examples

indicate that the immune responses mediated by DC vary depending on the intracellular bac-

teria involved, and different subsets of DC may be involved in this variability.

Ft subsp. tularensis causes severe disease in animals and occasionally in humans after expo-

sure to low numbers of bacteria by several routes, including respiratory exposure. Following

inhalation of bacteria, lung DC and alveolar macrophages are targeted by Ft for invasion and

replication. Ft deploys several effective evasion strategies to counteract host immune defenses

in both the extracellular space and in intracellular compartments [15–17]. In addition, virulent

Ft can actively suppress pro-inflammatory cytokine responses by human monocytes [18]. Lack

or low abundance of immune factors such as CD14 in lung DC may further contribute to eva-

sion of innate immune responses [19]. Moreover, infection of mice with a lethal dose of viru-

lent Ft can induce expression of pro-inflammatory cytokine mRNA in livers within 48 hours,

but this was insufficient to prevent lethality [20].

Ft LVS, which is derived from Ft subsp. holoarctica, is attenuated in humans, but its viru-

lence in mice varies with the route of infection [21]. Aerosol and intranasal LVS infection
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models have highlighted the role of pro-inflammatory cytokines, including IFN-γ, during

induction of protection [22]. LVS is therefore used in murine models to evaluate immune

responses against Ft and other intracellular pathogens. Similar to virulent Ft, LVS can infect

DC in vitro and in vivo [23, 24]. Although reports on the nature of the LVS-DC interactions

and DC cytokine production are conflicting [25], it appears that LVS-infected DC, in contrast

to infection of DC with fully virulent Ft, initiate effective immune responses against bacteria.

These interactions are modulated by TLR2 and MyD88 signaling, but not by TLR4 engage-

ment, after intranasal or intradermal LVS infection [26]. However, the same signaling may

induce priming when activated by LVS [27] or tolerance when activated by the virulent Ft
SchuS4 [28]. The contributions of DC cytokine production in general and IFN-γ production

in particular to successful vaccination against Ft therefore remain incompletely understood. In

this study, we used a variety of analytical methods to definitively demonstrate that conven-

tional DC are actively involved in innate immune responses against LVS by producing IFN-γ,

even when infected themselves. Further, DC IFN-γ production is dependent on MyD88 but

not on TLR2, TLR4, or TLR9.

Materials and methods

Experimental animals

Six- to twelve-week-old specific-pathogen-free male C57BL/6J and B6.129S7-Rag1<tm1Mom>/J

KO (Rag1 KO) mice were purchased from Jackson Laboratories (Bar Harbor, Maine); breeding

pairs of TLR2 KO, TLR4 KO, and MyD88 were purchased from Jackson Laboratories, and

TLR/MyD88 KO mice as well as TLR2x9 KO mice were bred in house. All mice were housed in

sterile microisolator cages in a barrier environment at CBER/FDA, fed autoclaved food and

water ad libitum, and routinely tested for common murine pathogens by a diagnostic service

provided by the Division of Veterinary Services, CBER. Within an experiment, all mice were

age matched. At selected time points or at end of a study, animals were euthanized with carbon

dioxide inhalation in a euthanasia chamber where carbon dioxide was introduced at the rate of

at least 20% of the chamber volume per minute. No animals were subjected to anesthesia.

Ethics statement

All experiments were performed under protocols approved by the Animal Care and Use com-

mittee of CBER. These protocols meet the standards for humane animal care and use set by

the Guide for the Care and Use of Laboratory Animals and PHS policy.

Bacteria and growth conditions

F. tularensis LVS (American Type Culture Collection 29684) was grown to mid-log phase in

modified Mueller-Hinton (MH) broth (Difco Laboratories, Detroit, MI), as previously

described [29, 30], harvested, and frozen in aliquots in broth alone at -80ºC. LVS expressing

GFP was prepared using the GFP expressing plasmid pKK214 [31]. To generate GFP-LVS,

LVS grown in MH broth was pelleted by centrifugation, washed three times with 0.5 M

sucrose, and resuspended in ~200 μl 0.5 ml sucrose. One hundred μl of diluted LVS was com-

bined with 100 ng pKK214 and transformed by electrophoresis using a Gene Pulser Electro-

porator II (BioRad, Hercules, CA), using standard procedures. A second sample of diluted

LVS, but without plasmid DNA, served as a control for spontaneous antibiotic resistance. Sam-

ples were transferred into MH broth for 2 hours at 37˚C, and cultures were then plated onto

MH agar containing 10 μg/ml kanamycin for selection of plasmid transformants. GFP flores-

cence of transformants was confirmed by visualization of agar plates with a LAS-3000 imaging
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system (Fujifilm Medical Systems, Stamford, CT). Selected clones were grown to mid-log

phase in MH broth containing 10 μg/ml kanamycin and frozen at -80˚C. Each clone was tested

for virulence by assessment of growth in murine bone marrow-derived macrophages, and all

exhibited growth characteristics similar to the original parental LVS strain. One clone was

selected for use in subsequent studies. LVS expressing mCherry was previously described [32]

and also exhibited growth and virulence similar to LVS.

Bacterial infections

For each independent experiment, 3–5 mice were immunized by intradermal (i.d.) injection

with 1 x 105 colony forming units (CFU) LVS or GFP-labeled LVS, diluted in 0.1 ml phos-

phate-buffered saline (PBS) (BioWhittaker/Lonza, Walkersville, MD), and euthanized for anal-

yses on the indicated days. Actual doses of inoculated bacteria were simultaneously

determined by retrospective plate count; control groups received 0.1 ml PBS i.d.

Determination of bacterial organ burdens

To determine the number of CFU in spleens of infected mice, organs were removed aseptically

and disrupted with a 3-ml syringe plunger in 10 ml of sterile PBS/2% fetal bovine serum (FBS).

Appropriate dilutions were plated on MH plates. After 2–3 days incubation at 37ºC/5% CO2,

bacterial CFU were counted and the results calculated according the dilution factors used.

Preparation of splenocytes

Isolated spleens were used to prepare single-cell suspensions; erythrocytes were lysed with

ammonium chloride (ACK lysing buffer, BioWhittaker/Lonza). Cells were washed with 5 mL

EDTA buffer, viability was assessed by exclusion of trypan blue, and cell concentrations were

adjusted as required. In selected experiments, to improve the yield of dendritic cells isolated

spleens were initially treated with 5 ml of digestion buffer, composed of RPMI/2mM EDTA

and containing collagenase (1gr/L) and DNase I (120 IU/μl), minced, and incubated for 30

minutes at 37˚C in a 5% CO2 incubator before washing.

In vitro cell purification

A total of 3–4 x 108 splenocytes were used to deplete B and T cell subpopulations by the Dyna-

beadsTM system (Invitrogen, Carlsbad, CA) using Biotin Binder magnetic beads (Invitrogen),

according to the manufacturer’s instructions. Biotin anti-mouse CD19 and biotin anti-mouse

TCRβ were used to deplete B and T cells, respectively. The Dynal beads system was also used

to enrich dendritic cells. The composition and relative purity of the resulting depleted and

enriched cells were assessed by multiparameter flow cytometry.

In vivo depletion of natural killer (NK) cells

To selectively deplete NK cells, mice were injected intraperitoneally (i.p.) twice with 200 μg of

anti-NK1.1 monoclonal antibody (PK136) produced by BioXCell (West Lebanon, NH), as pre-

viously described [33].

Flow cytometry

Single cell suspensions were prepared from total and depleted splenocytes in EDTA buffer and

incubated with 10 μl anti-CD16/CD32 (Fc block, BD Pharmingen, San Diego, CA). To dis-

criminate live from dead cells, a staining step was performed using a commercially available

kit and following manufacturers’ instructions (Live/dead staining kit, Invitrogen, Carlsbad,
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CA). The cells were then washed in flow cytometry buffer (PBS with 2% FBS) and stained for

cell surface markers. Antibody concentrations were previously optimized for use in multicolor

staining protocols as required, using appropriate fluorochrome-labeled isotype matched con-

trol antibodies. The following antibodies were used: anti-CD19 (clone 1D3), anti-TCRβ (clone

H57-597), anti-CD45 (clone 30-F11), anti-NK1.1 (clone PK136), anti-CD11b (clone M1/70),

anti-CD11c (cloneHL3), anti-Ly6C (clone AL-21) anti Ly6G (clone 1A8) and anti-I-A/I-E

(cloneM5/114.15.2); all antibodies were purchased from BD Pharmingen or Biolegend (San

Diego, CA). For intracellular staining (ICS) of IFN-γ, splenocytes were initially incubated with

brefeldin A (Sigma-Aldrich, St. Louis, MO) for 4 hours, then washed and stained for surface

markers. Cells were then fixed for 20 minutes at room temperature with 2% paraformaldehyde

(EMS, Hatfield, PA), washed and permeabilized with Perm/Wash buffer (BD Pharmigen), and

then stained with anti-IFN-γ (clone XMG1.2) (BD, Pharmingen). After 30 minutes incubation,

cells were washed in Perm/Wash buffer and fixed in 0.5% paraformaldehyde. Ten—thirty

thousand total events were collected using an analytical LSR II or LSR Fortessa flow cytometer

(Becton Dickinson). Data analyses were performed using FlowJo (Tree Star, Inc.) software as

previously described [6, 34].

Cell sorting

To sort cells, 5x106–1.5x107 splenocytes depleted of B and T cells were resuspended in sorting

buffer. Aggregates were then gated out using SSC-W / SSC-H and FSC-W / FSC-H parameters,

and live CD45+ gating was used to gate out debris and dead cells. Conventional DC were

defined and sorted by positivity of both CD11c and I-A/I-E markers. CD11c- I-A/I-E- CD11b+

Ly6G+ cells were defined and sorted as neutrophils. Conventional natural killer cells were

defined as CD11c- I-A/I-E- CD11b- NK1.1+, and monocytes were identified as CD11c- I-A/

I-E- CD11b+ Ly6C+ Ly6G-. Fluorescence minus one (FMO) controls were used to identify and

gate cell populations. Approximately 0.3–4 x106 cell subpopulations were sorted and used for

real-time PCR.

Real time PCR

Genomic DNA and total RNA were simultaneously purified from sorted single-cell suspen-

sions using a commercial kit (AllPrep DNA/RNA Mini kit; Qiagen, Valencia, CA), according

to the manufacturer’s instructions. 50–500 nanograms of RNA were used to synthesize cDNA

using the commercially available High Capacity RNA-to-cDNA kit (Applied Biosystems,

Carlsbad, CA), according to the manufacturer’s instructions. Selected genes were amplified by

semi-quantitative real-time PCR with a ViiA 7 sequence detection system (Applied Biosys-

tems). In all qRT-PCR analyses, GUSB was used to normalize data; delta Ct (ΔCt) and the

ratios between ΔCt of vaccine samples and control naïve samples were then calculated.

Approximately 100 ng of purified DNA, which included mouse and bacterial DNA, was used

to amplify the Francisella genes Tul4 and 23kDa [35]; genomic GAPDH served to estimate the

amount of eukaryotic DNA. Absolute quantifications of Tul4 and 23kDA were calculated

using corresponding standard curves. To generate standard curves, DNA was prepared from

LVS, the concentration was calculated, and serial dilutions were prepared. Bacteria were quan-

tified using genomic equivalents (GE), where 1 ng DNA = 489,000 GE and 1 GE = 1 bacterium

[35, 36]. Averages of the absolute quantification of Tul4 and 23kDa were then calculated.

In vitro cell cultures and protein quantitation by ELISA

To assess IFN-γ production in vitro, 5x106 splenocytes, derived from naïve and LVS-infected

mice, were cultured in 24 well plates for three days in 1 ml/well DMEM complete media
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(BioWhittaker), defined as DMEM containing 10% fetal bovine serum (HyClone, Logan, UT),

1% glutamine, 1% HEPES, 1% sodium bicarbonate, 1% sodium pyruvate, and 1% non-essential

amino acids (all from BioWhittaker/Lonza). Culture supernatants were assayed for IFN-γ using

a standard sandwich ELISA, according to the manufacturer’s instructions (BD Pharmingen).

IFN-γ was quantitated by comparison to recombinant standard protein using four-parameter

fit regression in the SOFTMax Pro ELISA analysis software (Molecular Devices, San Jose, CA).

Immunohistochemistry

Spleens from C57BL/6 or Rag KO mice, naïve or infected with GFP-LVS were prepared for

cryosections that were used to perform immunostaining. Rabbit anti-GFP polyclonal antibody

(ThermoFisher, Waltham, MA), purified rat anti-mouse IFN-γ (Biolegend, clone XMG1.2),

and purified Armenian hamster anti-mouse CD11c (Biolegend, clone N418) antibodies were

used as primary antibodies. Alexa 488 donkey anti-rabbit IgG, Alexa 594 donkey anti-rat IgG

and Alexa 647 goat anti-Armenian hamster IgG (Jackson Immunoresearch, West Grove, PA)

were used for detection, respectively. Counterstaining was performed using Hoechst 33258

(Thermofisher, Walthan MA). Stained slides were scanned by a NanoZoomer XR (Hamama-

tsu corporation, Japan) and images were stored as ndpi format. Images were imported and

analyzed using Imaris (Bitplane, Concord MA).

Intracellular staining of sorted CD11c cells and confocal microscopy

Splenocytes from C57BL/6 or Rag1 KO mice, naive or infected with mCherry-LVS or

GFP-LVS, were prepared as described above. Briefly, surface staining was performed using

either FITC- or Alexa 594-conjugated anti-mouse CD11c (clone N418, Biolegend). For intra-

cellular staining, cells were then fixed, treated with permeabilization buffer and followed by

staining with Alexa 647-conjugated anti-mouse IFNγ (clone XMG1.2, Biolegend). Nuclei were

counterstained either with Hoechst 33258 or DAPI (ThermoFisher). Images were acquired

using a TCS SP8 confocal microscope (Leica Microsystems, Germany), and images were stored

as lif format. Huygens professional (Scientific Volume Imaging, Netherland) and Imaris (Bit-

plane) were used for image analyses.

Statistical analyses

Microsoft Excel was used to evaluate differential bacterial growth, IFN-γ production, and gene

expression. CFU data were log10 transformed and cytokine concentrations were measured

using a log scale; thus, a normal distribution was assumed. Significant differences were evalu-

ated using a two-tailed Student’s t test, with a P value of< 0.05 indicating significance. Correc-

tions for multiple comparisons were performed using the Bonferroni method.

Results

DC subpopulations in LVS-infected mice produce substantial amounts of

IFN-γ
To visualize the presence of CD11c+ dendritic cells (DC) within infected spleens, Rag1 KO

mice, which do not have mature B or T cells, were infected with GFP-LVS for four days, and

spleens were removed and stained. Scattered CD11c+ cells and small numbers of IFN-γ+ cells

were seen in naïve mice (Fig 1A), but the numbers of both increased markedly after infection

(Fig 1B). IFN-γ appeared to be present in both CD11c+ and CD11c- cells of infected spleens

(Fig 1B and insert). GFP+ LVS bacteria were detected throughout the spleens of infected mice,

and bacteria were in proximity to some of the IFN-γ-producing cells.
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To identify dendritic cell subpopulations responsible for IFN-γ production, splenocytes

from naïve and LVS infected C57BL/6 or Rag1 KO mice were stained for surface makers and

intracellular IFN-γ (ICS) and analyzed by flow cytometry. Earlier studies showed that the

number and distribution of IFN-γ-producing myeloid cells were comparable between spleno-

cytes from LVS-infected C57BL/6 and Rag1 KO mice [6]. Here, in addition to the CD11c

marker, MHCII was used to discriminate NK cells from DC subpopulations. Conventional

myeloid DC (cDC; MHCII+ CD11c+ NK1.1- B220- Gr1- CD11b+) as well as other CD11c+ cells

produced IFN-γ (Fig 2). Some of these cells were also NK1.1+ and are referred to here as

NK-DC (CD11c+ NK1.1+ MHCII+/- Gr1- CD11b+/-). Conventional NK cells (NK1.1+ MHCII-

CD11c-) represented about 40% of non-B/T IFN-γ-producing cells, while conventional DC

and NK-DC averaged about 30% each (Figs 2 and 3). Time course studies demonstrated that

numbers of IFN-γ-producing NK cells (Fig 3A) and NK-DC (Fig 3B) peaked at day 4 after

Fig 1. IFN-γ-producing dendritic cells increase in spleens upon Ft LVS infection. Rag1 KO mice were infected with

105 GFP-LVS for four days. Spleens from non-infected (A) and GFP-LVS infected (B) mice were sectioned and

prepared for immunohistochemistry staining. Anti-mouse IFN-γ (red) and anti-mouse CD11c (cyan) were used as

primary antibodies; nuclei stained with DAPI appear dark purple. An anti-GFP polyclonal antibody (green) was used

to enhance the signal from LVS. Arrows indicate GFP-LVS. Images are representative of those evaluated in three mice.

https://doi.org/10.1371/journal.pone.0237034.g001
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LVS infection. In contrast, the production of IFN-γ by cDC progressively increased during the

first week of infection (Fig 3C).

To further confirm the role of conventional DC in producing IFN-γ, we evaluated IFN-γ
production by myeloid cells that were depleted of NK cells and highly enriched for CD11c+

cells. Rag1 KO mice were depleted in vivo of NK1.1+ cells before LVS infection; four days later,

splenocytes derived from these mice were then enriched in vitro for CD11c+ cells using mag-

netic beads (S1 Fig). The resulting cells were cultured for 3 days, without further stimulation,

and supernatants obtained from these cultures were analyzed for IFN-γ production (Fig 4A).

Levels of IFN-γ in supernatants from the CD11c+-enriched cells were quite substantial. For con-

text, the amounts of IFN-γ produced by total splenocytes from Rag 1 KO mice under the same

conditions are shown (Fig 4B). The enrichment studies confirm that DC produce a substantial

proportion of the IFN-γ in spleens found within a few days after murine LVS infection.

DC are directly infected with LVS in vivo
To directly evaluate the status of LVS infection in DC, splenocytes derived from naïve and

mCherry-LVS-infected C57BL/6 mice were depleted of B and T cells using magnetic beads.

Following the depletion of B and T cells, the remaining myeloid splenocytes from naïve and

infected mice were enriched for DC. The resulting cells were stained and analyzed by confocal

microscopy (Fig 5). In contrast to naïve myeloid cells (Fig 5A and 5B), mCherry-LVS was pres-

ent in CD11c+ cells as well as CD11c- cells from LVS-infected mice (Fig 5C and 5D). In a few

cases, colocalization of CD11c+ and mCherry was readily visible (Fig 5C), but in other exam-

ples the cell morphology was disrupted, suggesting deteriorating health of the cells following

infection.

Fig 2. Multiple myeloid subpopulations produce IFN-γ during innate immune response against Ft LVS infection.

C57BL/6 mice were infected with 105 LVS. After four days, single cell suspensions of splenocytes from LVS-infected

were prepared and analyzed by flow cytometry. After exclusion of fragments, aggregates, and dead cells, IFN-γ
producing non-B non-T cells were quantified according to surface markers coupled with ICS. DC were identified as

CD11c+ MHCII+ NK1.1- B220- CD11b+ Gr1-. NK cells were identified as NK1.1+ CD11c- MHCII-. NK-DC cells were

identified as NK1.1+ CD11c+ MHCII+/- CD11b+/- Gr1-. The relative proportion of IFN-γ production by each cell type

is shown using a pie chart. Data represent the range of proportions found in five independent experiments of similar

design and outcome.

https://doi.org/10.1371/journal.pone.0237034.g002
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Fig 3. IFN-γ production by DC and NK subpopulations varies over time after Ft LVS infection. C57BL/6 mice

were infected with 105 LVS. Single cell suspensions of splenocytes from LVS-infected C57BL/6 mice were prepared and

analyzed by flow cytometry at days 2, 4, 6, and 8 after infection. Splenocytes from non-infected mice served as a

negative control (naïve). After exclusion of fragments, aggregates, and dead cells, IFN-γ producing non-B non-T cells

were quantified according to surface markers coupled with ICS. DC were identified as CD11c+ MHCII+ NK1.1- B220-
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To further confirm the role of DC and other myeloid cells in controlling LVS during early

stages of infection, splenocytes from naïve and LVS-infected WT mice were depleted of B and

T cells and sorted by flow cytometry to purify total DC (live CD45+ CD11c+ MHCII+ cells)

and neutrophils (live CD11c- MHCII- CD11b+ Ly6G+ cells; gating strategy shown in S2 Fig).

DNA from sorted DC and neutrophils was used to amplify Francisella Tul4 and 23kDA genes

[35], and amplicons were quantified using standard curves prepared with LVS DNA. Cytokine

production was determined from mRNA and quantified in relationship to naïve cells. Bacterial

DNA was readily detected in sorted DC and neutrophils, suggesting that these cells were either

infected by LVS in vivo or LVS was tightly adhered to cells (Table 1, DNA). Analyses of gene

expression in sorted cells from LVS-infected mice indicated substantial upregulation of IFN-γ
and IL-1α mRNA in DC, as well as in neutrophils compared to cells from naïve mice (Table 1,

RNA). In contrast, TNF-α and IL-12 p40 were less upregulated.

Finally, to evaluate whether individual IFN-γ-producing DC were simultaneously infected

with LVS, splenocytes from GFP-LVS-infected Rag1 KO mice were analyzed by confocal

microscopy (Fig 6). CD11c expression clearly identified DC from both naïve (Fig 6A) and

LVS-infected mice (Fig 6B), and GFP and IFN-γ signals were detected only in cells from LVS-

CD11b+ Gr1-. NK were identified as CD11c- MHCII- NK1.1+. NK-DC cells were identified as CD11c+ MHCII+/-

NK1.1+ CD11b+/- Gr1-. Each dot represents total cell counts derived from three pooled spleens. Data are from one

complete time course experiment.

https://doi.org/10.1371/journal.pone.0237034.g003

Fig 4. DC produce high amount of IFN-γ during innate immune responses to Ft LVS. Rag1 KO mice were depleted in vivo
of NK cells and infected with 105 LVS i.d. Splenocytes were enriched in vitro for CD11c+ cells using magnetic beads and

cultured for three days. Supernatants were then collected and analyzed for IFN-γ production by ELISA (panel A). Production

of IFN-γ from total splenocytes is shown for context (panel B). Data are from one experiment.

https://doi.org/10.1371/journal.pone.0237034.g004
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infected mice. Most importantly, imaging analyses identified multiple DC that were infected

with LVS and that also expressed IFN-γ (Fig 6B).

MyD88 deficiency, but not TLR2/4/9 deficiencies, increases LVS bacterial

burden and decreases IFN-γ production

To evaluate the role of TLRs in modulating IFN-γ production by splenocytes subpopulations,

particularly DC, TLR2 KO, TLR4 KO, TLR2x9 KO, and MyD88 KO mice were infected with

Fig 5. DC are infected in vivo by Ft LVS. C57BL/6 mice were infected with 105 LVS i.d. Four days after infection, single cell suspensions of

splenocytes from naïve (panels A and B) and mCherry-LVS infected mice (panels C and D) were depleted of B and T cells using magnetic

beads, and the resulting cells were analyzed by confocal microscopy. CD11c+ cells (green) were identified according to the surface marker.

LVS-mCherry was identified as red, and all cells were counterstained with DAPI (blue) to identify nuclei. Arrows indicate mCherry-LVS-

infected CD11c+ cells. Images are representative of those evaluated in two independent experiments of similar design and outcome.

https://doi.org/10.1371/journal.pone.0237034.g005
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LVS. Organ burdens were determined on day 4, and cytokine gene expression and protein

production in spleens were analyzed by RT-PCR and ELISA, respectively. As previously

reported [37], MyD88 KO mice did not control LVS infection; further, using this dose and

route of infection, LVS control was only modestly dependent on TLR2 and TLR9 (Fig 7A).

Splenocytes from infected mice were cultured and the production of IFN-γ was evaluated

by ELISA. While splenocytes from MyD88 KO mice produced little IFN-γ, those from C57BL/

6J TLR2 KO, and TLR2/9 KO mice produced abundant and similar amounts of IFN-γ (Fig

7B). The observed differences in IFN-γ production were further supported by additional

studies demonstrating abundant IFN-γ gene expression by C57BL/6J and all TLR KO mice

(S3 Fig).

Finally, to evaluate the role of MyD88 and TLR2 in controlling LVS infection and specifi-

cally IFN-γ production by DC, TLR2 KO and MyD88 KO mice were infected with LVS, DC

and neutrophils from these mice were sorted, and DNA and RNA were analyzed. In compari-

son to C57BL/6 mice (Table 1), the rate of LVS amplicons were about 4-fold higher in cells

from TLR2 KO mice, but about 400-fold higher in DC and 3000-fold higher in neutrophils

from MyD88 KO mice (Table 2). This is consistent with the much larger bacterial organ bur-

dens in MyD88 KO mice (Fig 7A). Despite high bacterial burdens, however, the expression of

IFN-γ in DC from MyD88 KO mice was quite low, unlike expression levels in TLR 2 KO mice.

Unlike IFN-γ, cells from LVS-infected MyD88 KO mice produced similar amounts of IL-1α,

IL-12β (IL-12p40), and TNF-α as those in cells from TLR2 KO mice. Collectively, these data

demonstrate that the production of IFN-γ by DC after LVS infection depended on MyD88,

but not TLR2, 4, or 9.

Table 1. LVS infects both DC and neutrophils in vivo, but cytokine gene expression varies between cell types.

LVS-infected C57BL/6

Dendritic cells DNA Tul4 8,001a

23kDa 5,324

RNA IFN-γ 330b

IL-1α 22.1

IL-12β 1.6

TNF-α 2.4

Neutrophils DNA Tul4 4,573

23kDa 7,577

RNA IFN-γ 32.4

IL-1α 127

IL-12β 1.07

TNF-α 10.6

DNA from cells sorted to purify DC or neutrophils (see Materials and Methods, and S2 Fig) was amplified using

Francisella-specific primers for Tul4 and 23kDA genes. Absolute quantifications were calculated using corresponding

standard curves, using serial dilutions of DNA prepared from LVS. Bacteria were quantified using genomic

equivalents (GE) where 1 ng DNA = 489,000 GE and 1 GE = 1 bacterium.
a DNA data indicate GE per ~100 ng of total mouse and bacterial DNA. The upper limit of detection was 1 x 108 GE;

the lower limit of detection was 1 x102 and 1 x 101 GE for Tul4 and 23kDa, respectively. Bacterial DNA was

undetectable in cells from uninfected mice. DNA data represent average of two independent experiments. mRNA

from sorted cells was purified and analyzed for gene expression by RT-PCR.
b RNA data indicate median fold change compared to cells from uninfected mice, calculated from six independent

experiments with sorted DC and five with neutrophils.

https://doi.org/10.1371/journal.pone.0237034.t001
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Discussion

We previously demonstrated that in addition to natural killer cells, other myeloid and lym-

phoid cell subpopulations produce IFN-γ during innate immune responses against infection

with a prototypical intracellular bacterium, Francisella LVS [6]. Surprisingly, CD11c+ cells

from LVS-infected mice, whether NK1.1+ or NK1.1-, appeared to produce large amounts of

this critical cytokine. In this study, we used different analytical methods, including flow cytom-

etry, immunohistochemistry, and confocal microscopy, to definitively demonstrate that

CD11c+ DC produce IFN-γ following LVS infection, even when infected themselves. The sub-

stantial increase in DC numbers and wide distribution throughout infected spleens [38] sug-

gests that these cells are highly involved in the earliest phases of innate immune responses

against Ft infection. Therefore, DC may shape immune response outcomes by activities that

are well beyond their traditional role in antigen presentation.

The present studies are consistent with previous reports demonstrating that both human

and mouse DC, including CD8α+ or CD8- DC, are substantial sources of IFN-γ production

[39, 40]. Here, tracking CD8a expression on DC was precluded by the need to use the CD8

marker for T cell staining and the available instruments. DC cytokine production activities

appear to depend on T-bet [41] and are subject to exhaustion as DC mature [42]. Production

of IFN-γ by mouse DC has been reported in response to other intracellular infections such as

Burkholderia mallei [43], as well as malaria [44], fungal [45], or parasitic [46] infection. Simi-

larly, human monocyte-derived DC produce IFN-γ following stimulation with Salmonella
typhimurium [47] and M. bovis BCG [48].

Although CD11c has been typically used as a marker for DC, the presence of this marker in

other lineages makes the identification of DC subpopulations problematic. We therefore used

MHCII to definitively discriminate DC from traditional NK cells (MHCII-), which represented

about 40% of IFN-γ-producing cells in the spleens of LVS-infected mice at day 4 after infection

Fig 6. Ft LVS-infected DC produce IFN-γ. Rag1 KO mice were infected with 105 LVS i.d. Four days after infection, single cell suspensions of

splenocytes from naïve (panel A) and GFP-LVS-infected Rag1 KO mice (panel B) were prepared and analyzed by confocal microscopy. IFN-γ-

producing (red) CD11c+ cells (cyan) were identified by cell surface staining coupled with ICS. GFP-LVS was identified as green, and all cells were

counterstained with DAPI (blue) to identify nuclei. Images are representative of those evaluated in two independent experiments.

https://doi.org/10.1371/journal.pone.0237034.g006
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(Fig 2). Among the CD11c+ cells, we readily discriminated two groups: we classified CD11c+

MHCII+ B220- Gr1- CD11b+ NK1.1- cells as conventional DC, and we found a second group

(CD11c+ MHCII+/- Gr1- CD11b+/- NK1.1+) that includes a subpopulation identified as

NK-DC, also known as IKDC [49]. These cells express both NK and DC markers, and NK-DC

are major producers of IFN-γ during mouse infections with L. monocytogenes [50]. Others

have classified these cells as a natural killer subpopulation because of their functions and devel-

opment [51]. Our data may support the latter interpretation, since the time course of IFN-γ
production of the cells expressing both NK1.1 and CD11c markers is more similar to that of

Fig 7. IFN-γ production by splenocytes from Ft LVS-infected mice depends on MyD88 but not TLRs 2, 4, or 9.

C57BL/6 and the indicated KO mice were infected with 105 LVS i.d. After four days, mice were sacrificed, spleens were

disrupted, and appropriate dilutions were plated on MH plates for bacterial counts (A). Values shown are the mean

number of CFU/spleen ± SD of viable bacteria from three independent experiments. From the same groups,

splenocytes were prepared and cultured in vitro for three days, and supernatants were then collected and analyzed for

IFN-γ production by ELISA (B). Values shown are the mean concentration ± SD of from two independent

experiments. Brackets indicate significant differences between each pair of bracketed groups (P< 0.05).

https://doi.org/10.1371/journal.pone.0237034.g007
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NK cells (Fig 3A and 3B) than that of DC (Fig 3C). Nonetheless, when we depleted Rag1 KO

mice of NK cells and then enriched CD11c+ splenocytes four days after infection, amounts of

IFN-γ produced by total DC were higher than that typically produced by total splenocytes (Fig

4) [6]. This result confirms that non-B, non-T, non-NK CD11c+ cells are a substantial source

of IFN-γ during innate immune responses to LVS.

Like many intracellular bacteria, macrophages represent the major target cells for intracel-

lular infection and replication of Ft [21]. However, in vitro evidence indicates that DC can also

be infected with Ft, and limited in vivo evidence suggests that Francisella infects DC in the

lungs after respiratory infection [52]. To evaluate whether Ft also internalize into DC during

systemic in vivo infection, we infected mice with either GFP- or mCherry-labeled LVS isolates

that facilitated microscopy analyses (Figs 1, 5 and 6). The sensitivity of bacterial detection was

limited by a combination of relatively low levels of bacteria (1 x 104–1 x 105 CFU) in the

spleens of LVS-infected C57BL/6 mice, and relatively low levels of GFP or mCherry signals. A

similar limitation of sensitivity was observed during flow cytometric analyses, and neither

technique allowed for a satisfactory quantification of the proportion or numbers of LVS-

infected DC in total cell populations from wild type mice. To improve the sensitivity of detec-

tion and convincingly demonstrate DC infection, we sorted myeloid cells after depleting B and

T cells from splenocytes. DC and neutrophils could be well separated (S1 Fig) and proved suit-

able for LVS quantification and cytokine expression by PCR. Results were consistent with the

interpretation that not only splenic DC, but also neutrophil populations were directly infected

with LVS. Of note, we also attempted to sort NK cells and macrophages, but these efforts

resulted in unsatisfactory cell purity and yield. Most importantly, sorting approaches demon-

strated that highly purified splenic DC populations from WT mice produced high amounts of

IFN-γ, as well as IL-1α.

Finally, we evaluated whether LVS-infected DC actively produced IFN-γ. The concurrent

use of Rag1 KO mice and of a relatively bright GFP-LVS increased sensitivity and allowed

direct visualization of individual CD11c+ GFP+ IFN-γ+ cells using confocal microscopy (Fig

6). However, this approach also did not permit comprehensive quantification. Nonetheless,

Table 2. Dendritic cells and neutrophils from MyD88 KO mice are highly infected with LVS but produce little IFN-γ.

LVS-infected KO mice

MyD88 KO TLR2 KO

DNA Tul4 2,368,944a 20,894

23kDa 2,932,531 31,553

Dendritic cells RNA IFN-γ 8.8b 467

IL-1α 1.3 2.4

IL-12b 5.3 1.0

TNF-α 0.7 1.0

DNA Tul4 13,877,441 19,253

23kDa 23,459,256 26,896

Neutrophils RNA IFN-γ 6.1 243

IL-1α 146 233

IL-12b 103 284

TNF-α 20.1 12.8

DNA and mRNA from sorted cells were prepared and used to amplify Francisella DNA and host cell cytokine gene expression, respectively, as described in Table 1.
a DNA data indicate GE per ~100 ng total DNA and DNA data are averages of two independent experiments.
b RNA data indicate fold change compared to cells from uninfected mice and are representative of two independent experiments.

https://doi.org/10.1371/journal.pone.0237034.t002
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the results demonstrated the presence of a substantial number of CD11c+ cells in spleens that

were simultaneously expressing IFN-γ while being infected with LVS, despite apparent disrup-

tion of infected cells (Fig 5). This visual result is consistent with a recent report indicating that

cells which are in the process of dying by necroptosis, as reflected by loss of membrane integ-

rity, apparently continue to transcribe and translate cytokine genes [53].

Signal pathways leading to the expression and production of IFN-γ are typically activated

following TLR engagement. Therefore, we further investigated cytokine production by DC in

MyD88 and selected TLR KO mice in response to LVS infection. We focused on mice lacking

TLRs 2, 4, 9, and MyD88 because of previous studies implicating these receptors, particularly

TLR2, in responses to Francisella [26, 27, 54–56]. Moreover, MyD88 signaling is required to

limit bacterial burdens and prolong survival during pulmonary infection by virulent Ft SchuS4

[57]. In TLR 2, 4, or 9 KO mice, the relative amounts of IFN-γ gene expression and protein

production correlated with bacterial burdens in spleens (Fig 7 and S3 Fig), suggesting that

immune cells react to higher bacterial loads by producing more IFN-γ even in the face of TLR

deficiencies. In contrast, cells from LVS-infected MyD88 KO mice produced low amounts of

IFN-γ despite very high bacterial burdens that lead to death within 4–7 days. The observations

of the relationships between bacterial burdens and IFN-γ secretion were confirmed by the

analyses of DC and neutrophils sorted from splenocytes of MyD88 and TLR2 KO mice

(Table 2). Higher amounts of LVS and IFN-γ gene expression were quantified in cells from

TLR2 KO mice which had higher bacterial burdens, while lack of MyD88 facilitated intracellu-

lar infection but little IFN-γ production. A similar pattern was observed in purified neutro-

phils obtained from these mice. In contrast to IFN-γ, the expression patterns of the other

cytokines we tested were similar between WT and KO mice.

Taken together, these studies confirm the critical role of IFN-γ and MyD88 in mediating

innate immune responses to Francisella LVS infection, particularly IFN-γ production by DC

in LVS-infected mice, and the importance of the final steps of the pathway that lead to IFN-γ
production. In contrast, TLR2, TLR4, and TLR9 play relatively minor roles with minimal or

no impact on IFN-γ production by splenocytes, including DC, and the response of the respec-

tive KO mice to LVS infection is only modestly compromised. None of these receptors appear

to explain the susceptibility and poor IFN-γ production phenotype of MyD88 KO mice. IL-18

KO mice exhibit some defects in responses to Francisella [37, 58], but overall the MyD88-

linked pattern recognition molecule critical to optimal responses to LVS by DC and other

immune effector cells awaits future discovery.

Supporting information

S1 Fig. Gating strategy to evaluate in vivo NK depletion. Rag1 KO mice were depleted in
vivo of NK1.1+ cells and then infected with 105 LVS i.d, Splenocytes derived from these mice

were enriched in vitro for CD11c+ cells using magnetic beads, and the resulting cells were ana-

lyzed by flow cytometry. After exclusion of fragments, aggregates and dead cells, CD45+ cells

were gated for NK1.1+ cells (Panel A). Alternatively, CD45+ cells were excluded of Gr1+

CD11b+ cells and then gated for CD11c+ cells (Panel B). Panels C and D show total splenocytes

from Rag1 KO, not depleted of NK and not purified of CD11c.

(TIF)

S2 Fig. Gating strategy used to sort DC and neutrophils. C57BL/6 mice were infected with

105 LVS i.d. Splenocytes from naïve and LVS-infected mice were depleted of B and T cells by

magnetic beads and stained for flow cytometry. After exclusion of fragments, aggregates, and

dead cells, conventional DC were sorted using CD11c and MHCII markers and cells within

the upper right blue quadrant collected (A). To sort neutrophils, CD11c- MHCII- cells were
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subsequently gated for CD11b+ Ly6G+ and cells within the upper right red quadrant were col-

lected (B). RNA and DNA were purified from sorted cells and used for qRT-PCR (see Table 1).

Data are from one independent experiment representative of three independent experiments

of similar design and outcome. A similar strategy was used to sort cells from KO mice.

(TIF)

S3 Fig. IFN-γ gene expression correlates with protein production in splenocytes from LVS-

infected TLR KO mice. The indicated mice were infected with 105 LVS i.d. After four days,

mice were euthanized and gene expression of IFN-γ was determined from the harvested sple-

nocytes by qRT-PCR. Values shown are the mean Δct ± SD derived from three individual

mice, multiplied by 1000 for ease of presentation. � and ^ indicate significant differences

(P< 0.05) between groups.

(TIF)
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20. Golovliov I, Kuoppa K, Sjöstedt A, Tärnvik A, Sanström G. Cytokine expression in the liver of mice

infected with a highly virulent strain of Francisella tularensis. FEMS Immunology and Medical Microbiol-

ogy. 1996; 13:239–44. https://doi.org/10.1111/j.1574-695X.1996.tb00244.x PMID: 8861036

21. Elkins KL, Cowley SC, Bosio CM. Innate and adaptive immune responses to an intracellular bacterium,

Francisella tularensis live vaccine strain. Microbes and Infection. 2003; 5:132–42.

PLOS ONE Production of IFN-gamma by dendritic cells against Francisella tularensis depends on MyD88

PLOS ONE | https://doi.org/10.1371/journal.pone.0237034 August 3, 2020 18 / 21

https://doi.org/10.1016/j.micinf.2018.09.001
https://doi.org/10.1016/j.micinf.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30248400
https://doi.org/10.1128/IAI.00514-08
http://www.ncbi.nlm.nih.gov/pubmed/18573901
https://doi.org/10.5114/aoms.2015.54860
http://www.ncbi.nlm.nih.gov/pubmed/26528349
https://doi.org/10.1016/j.imlet.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17720254
https://doi.org/10.1128/IAI.01027-09
http://www.ncbi.nlm.nih.gov/pubmed/20404078
https://doi.org/10.1128/iai.68.6.3680-3688.2000
http://www.ncbi.nlm.nih.gov/pubmed/10816528
https://doi.org/10.4049/jimmunol.0902871
http://www.ncbi.nlm.nih.gov/pubmed/20164434
https://doi.org/10.1038/srep15248
https://doi.org/10.1038/srep15248
http://www.ncbi.nlm.nih.gov/pubmed/26515292
https://doi.org/10.1084/jem.20021229
http://www.ncbi.nlm.nih.gov/pubmed/12515809
https://doi.org/10.1016/j.tube.2012.10.008
https://doi.org/10.1016/j.tube.2012.10.008
http://www.ncbi.nlm.nih.gov/pubmed/23167967
https://doi.org/10.3389/fmicb.2011.00009
http://www.ncbi.nlm.nih.gov/pubmed/21687406
https://doi.org/10.1111/cmi.12769
http://www.ncbi.nlm.nih.gov/pubmed/28745813
https://doi.org/10.1074/mcp.RA117.000160
http://www.ncbi.nlm.nih.gov/pubmed/29046388
https://doi.org/10.3389/fcimb.2014.00045
http://www.ncbi.nlm.nih.gov/pubmed/24783062
https://doi.org/10.1128/IAI.00750-09
http://www.ncbi.nlm.nih.gov/pubmed/19841074
https://doi.org/10.1111/j.1574-695X.1996.tb00244.x
http://www.ncbi.nlm.nih.gov/pubmed/8861036
https://doi.org/10.1371/journal.pone.0237034


22. Metzger DW, Bakshi CS, Kirimanjeswara G. Mucosal immunopathogenesis of Francisella tularensis.

Ann N Y Acad Sci. 2007; 1105:266–83. Epub 2007/03/31. https://doi.org/10.1196/annals.1409.007

PMID: 17395728.

23. Bosio CM, Dow SW. Francisella tularensis induces aberrant activation of pulmonary dendritic cells. J

Immunol. 2005; 175(10):6792–801. https://doi.org/10.4049/jimmunol.175.10.6792 PMID: 16272336.

24. Bar-Haim E, Gat O, Markel G, Cohen H, Shafferman A, Velan B. Interrelationship between dendritic cell

trafficking and Francisella tularensis dissemination following airway infection. PLoS Pathog. 2008; 4

(11):e1000211. Epub 2008/11/22. https://doi.org/10.1371/journal.ppat.1000211 PMID: 19023422;

PubMed Central PMCID: PMC2582141.

25. Fabrik I, Hartlova A, Rehulka P, Stulik J. Serving the new masters—dendritic cells as hosts for stealth

intracellular bacteria. Cell Microbiol. 2013; 15(9):1473–83. Epub 2013/06/26. https://doi.org/10.1111/

cmi.12160 PMID: 23795643.

26. Abplanalp AL, Morris IR, Parida BK, Teale JM, Berton MT. TLR-dependent control of Francisella tular-

ensis infection and host inflammatory responses. PLoS One. 2009; 4(11):e7920. Epub 2009/11/26.

https://doi.org/10.1371/journal.pone.0007920 PMID: 19936231; PubMed Central PMCID:

PMC2775407.

27. Katz J, Zhang P, Martin M, Vogel SN, Michalek SM. Toll-like receptor 2 is required for inflammatory

responses to Francisella tularensis LVS. Infect Immun. 2006; 74(5):2809–16. https://doi.org/10.1128/

IAI.74.5.2809-2816.2006 PMID: 16622218.

28. Periasamy S, Singh A, Sahay B, Rahman T, Feustel PJ, Pham GH, et al. Development of tolerogenic

dendritic cells and regulatory T cells favors exponential bacterial growth and survival during early respi-

ratory tularemia. J Leukoc Biol. 2011; 90(3):493–507. Epub 2011/07/05. https://doi.org/10.1189/jlb.

0411197 PMID: 21724804; PubMed Central PMCID: PMC3306246.

29. Baker CN, Hollis DG, Thornsberry C. Anti-microbial susceptibility testing of Francisella tularensis with a

modified Mueller-Hinton broth. Journal of Clinical Microbiology. 1985; 22:212–5. https://doi.org/10.

1128/JCM.22.2.212-215.1985 PMID: 4031036

30. Fortier AH, Slayter MV, Ziemba R, Meltzer MS, Nacy CA. Live vaccine strain of Francisella tularensis:

infection and immunity in mice. Infection and Immunity. 1991; 59:2922–8. https://doi.org/10.1128/IAI.

59.9.2922-2928.1991 PMID: 1879918

31. Kuoppa K, Forsberg A, Norqvist A. Construction of a reporter plasmid for screening in vivo promoter

activity in Francisella tularensis. FEMS Microbiol Lett. 2001; 205(1):77–81. https://doi.org/10.1111/j.

1574-6968.2001.tb10928.x PMID: 11728719.

32. Ray HJ, Cong Y, Murthy AK, Selby DM, Klose KE, Barker JR, et al. Oral live vaccine strain-induced pro-

tective immunity against pulmonary Francisella tularensis challenge is mediated by CD4+ T cells and

antibodies, including immunoglobulin A. Clin Vaccine Immunol. 2009; 16(4):444–52. Epub 2009/02/13.

https://doi.org/10.1128/CVI.00405-08 PMID: 19211773; PubMed Central PMCID: PMC2668291.

33. Zhang B, Yamamura T, Kondo T, Fujiwara M, Tabira T. Regulation of experimental autoimmune

encephalomyelitis by natural killer (NK) cells. J Exp Med. 1997; 186(10):1677–87. Epub 1997/12/31.

https://doi.org/10.1084/jem.186.10.1677 PMID: 9362528; PubMed Central PMCID: PMC2199138.

34. De Pascalis R, Mittereder L, Kennett NJ, Elkins KL. Activities of murine peripheral blood lymphocytes

provide immune correlates that predict Francisella tularensis vaccine efficacy. Infect Immun. 2016; 84

(4):1054–61. https://doi.org/10.1128/IAI.01348-15 PMID: 26810039; PubMed Central PMCID:

PMC4807470.

35. Versage JL, Severin DD, Chu MC, Petersen JM. Development of a multitarget real-time TaqMan PCR

assay for enhanced detection of Francisella tularensis in complex specimens. J Clin Microbiol. 2003; 41

(12):5492–9. Epub 2003/12/10. https://doi.org/10.1128/jcm.41.12.5492-5499.2003 PMID: 14662930;

PubMed Central PMCID: PMC309004.

36. Mitchell JL, Chatwell N, Christensen D, Diaper H, Minogue TD, Parsons TM, et al. Development of real-

time PCR assays for the specific detection of Francisella tularensis ssp. tularensis, holarctica and med-

iaasiatica. Mol Cell Probes. 2010; 24(2):72–6. Epub 2009/10/17. https://doi.org/10.1016/j.mcp.2009.10.

004 PMID: 19833196.

37. Collazo CM, Sher A, Meierovics AI, Elkins KL. Myeloid differentiation factor-88 (MyD88) is essential for

control of primary in vivo Francisella tularensis LVS infection, but not for control of intra-macrophage

bacterial replication. Microbes Infect. 2006; 8(3):779–90. https://doi.org/10.1016/j.micinf.2005.09.014

PMID: 16513388.

38. Lewis SM, Williams A, Eisenbarth SC. Structure and function of the immune system in the spleen. Sci

Immunol. 2019; 4(33). Epub 2019/03/03. https://doi.org/10.1126/sciimmunol.aau6085 PMID:

30824527; PubMed Central PMCID: PMC6495537.

PLOS ONE Production of IFN-gamma by dendritic cells against Francisella tularensis depends on MyD88

PLOS ONE | https://doi.org/10.1371/journal.pone.0237034 August 3, 2020 19 / 21

https://doi.org/10.1196/annals.1409.007
http://www.ncbi.nlm.nih.gov/pubmed/17395728
https://doi.org/10.4049/jimmunol.175.10.6792
http://www.ncbi.nlm.nih.gov/pubmed/16272336
https://doi.org/10.1371/journal.ppat.1000211
http://www.ncbi.nlm.nih.gov/pubmed/19023422
https://doi.org/10.1111/cmi.12160
https://doi.org/10.1111/cmi.12160
http://www.ncbi.nlm.nih.gov/pubmed/23795643
https://doi.org/10.1371/journal.pone.0007920
http://www.ncbi.nlm.nih.gov/pubmed/19936231
https://doi.org/10.1128/IAI.74.5.2809-2816.2006
https://doi.org/10.1128/IAI.74.5.2809-2816.2006
http://www.ncbi.nlm.nih.gov/pubmed/16622218
https://doi.org/10.1189/jlb.0411197
https://doi.org/10.1189/jlb.0411197
http://www.ncbi.nlm.nih.gov/pubmed/21724804
https://doi.org/10.1128/JCM.22.2.212-215.1985
https://doi.org/10.1128/JCM.22.2.212-215.1985
http://www.ncbi.nlm.nih.gov/pubmed/4031036
https://doi.org/10.1128/IAI.59.9.2922-2928.1991
https://doi.org/10.1128/IAI.59.9.2922-2928.1991
http://www.ncbi.nlm.nih.gov/pubmed/1879918
https://doi.org/10.1111/j.1574-6968.2001.tb10928.x
https://doi.org/10.1111/j.1574-6968.2001.tb10928.x
http://www.ncbi.nlm.nih.gov/pubmed/11728719
https://doi.org/10.1128/CVI.00405-08
http://www.ncbi.nlm.nih.gov/pubmed/19211773
https://doi.org/10.1084/jem.186.10.1677
http://www.ncbi.nlm.nih.gov/pubmed/9362528
https://doi.org/10.1128/IAI.01348-15
http://www.ncbi.nlm.nih.gov/pubmed/26810039
https://doi.org/10.1128/jcm.41.12.5492-5499.2003
http://www.ncbi.nlm.nih.gov/pubmed/14662930
https://doi.org/10.1016/j.mcp.2009.10.004
https://doi.org/10.1016/j.mcp.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19833196
https://doi.org/10.1016/j.micinf.2005.09.014
http://www.ncbi.nlm.nih.gov/pubmed/16513388
https://doi.org/10.1126/sciimmunol.aau6085
http://www.ncbi.nlm.nih.gov/pubmed/30824527
https://doi.org/10.1371/journal.pone.0237034


39. Ohteki T, Fukao T, Suzue K, Maki C, Ito M, Nakamura M, et al. Interleukin 12-dependent interferon g

production by CD8a+ lymphoid dendritic cells. J Exp Med. 1999; 189(12):1981–6. Epub 1999/06/22.

https://doi.org/10.1084/jem.189.12.1981 PMID: 10377194; PubMed Central PMCID: PMC2192968.

40. Hochrein H, Shortman K, Vremec D, Scott B, Hertzog P, O’Keeffe M. Differential production of IL-12,

IFN-alpha, and IFN-gamma by mouse dendritic cell subsets. J Immunol. 2001; 166(9):5448–55. Epub

2001/04/21. https://doi.org/10.4049/jimmunol.166.9.5448 PMID: 11313382.

41. Lugo-Villarino G, Maldonado-Lopez R, Possemato R, Penaranda C, Glimcher LH. T-bet is required for

optimal production of IFN-gamma and antigen-specific T cell activation by dendritic cells. Proc Natl

Acad Sci U S A. 2003; 100(13):7749–54. Epub 2003/06/13. https://doi.org/10.1073/pnas.1332767100

PMID: 12802010; PubMed Central PMCID: PMC164659.

42. Xia CQ, Peng R, Annamalai M, Clare-Salzler MJ. Dendritic cells post-maturation are reprogrammed

with heightened IFN-gamma and IL-10. Biochem Biophys Res Commun. 2007; 352(4):960–5. Epub

2006/12/13. https://doi.org/10.1016/j.bbrc.2006.11.136 PMID: 17157804; PubMed Central PMCID:

PMC1850984.

43. Goodyear A, Troyer R, Bielefeldt-Ohmann H, Dow S. MyD88-dependent recruitment of monocytes and

dendritic cells required for protection from pulmonary Burkholderia mallei infection. Infect Immun. 2012;

80(1):110–20. Epub 2011/10/26. https://doi.org/10.1128/IAI.05819-11 PMID: 22025508; PubMed Cen-

tral PMCID: PMC3255660.

44. Leisewitz AL, Rockett KA, Gumede B, Jones M, Urban B, Kwiatkowski DP. Response of the splenic

dendritic cell population to malaria infection. Infect Immun. 2004; 72(7):4233–9. Epub 2004/06/24.

https://doi.org/10.1128/IAI.72.7.4233-4239.2004 PMID: 15213168; PubMed Central PMCID:

PMC427429.

45. Hole CR, Wager CML, Castro-Lopez N, Campuzano A, Cai H, Wozniak KL, et al. Induction of memory-

like dendritic cell responses in vivo. Nat Commun. 2019; 10(1):2955. Epub 2019/07/06. https://doi.org/

10.1038/s41467-019-10486-5 PMID: 31273203; PubMed Central PMCID: PMC6609631.

46. Moretto MM, Weiss LM, Combe CL, Khan IA. IFN-gamma-producing dendritic cells are important for

priming of gut intraepithelial lymphocyte response against intracellular parasitic infection. J Immunol.

2007; 179(4):2485–92. Epub 2007/08/07. https://doi.org/10.4049/jimmunol.179.4.2485 PMID:

17675510; PubMed Central PMCID: PMC3109618.

47. Pietila TE, Veckman V, Kyllonen P, Lahteenmaki K, Korhonen TK, Julkunen I. Activation, cytokine pro-

duction, and intracellular survival of bacteria in Salmonella-infected human monocyte-derived macro-

phages and dendritic cells. J Leukoc Biol. 2005; 78(4):909–20. Epub 2005/07/22. https://doi.org/10.

1189/jlb.1204721 PMID: 16033811.

48. Fricke I, Mitchell D, Mittelstadt J, Lehan N, Heine H, Goldmann T, et al. Mycobacteria induce IFN-g pro-

duction in human dendritic cells via triggering of TLR2. J Immunol. 2006; 176(9):5173–82. Epub 2006/

04/20. https://doi.org/10.4049/jimmunol.176.9.5173 PMID: 16621981.

49. Chan CW, Crafton E, Fan HN, Flook J, Yoshimura K, Skarica M, et al. Interferon-producing killer den-

dritic cells provide a link between innate and adaptive immunity. Nat Med. 2006; 12(2):207–13. https://

doi.org/10.1038/nm1352 PMID: 16444266.

50. Chang SR, Wang KJ, Lu YF, Yang LJ, Chen WJ, Lin YH, et al. Characterization of early gamma inter-

feron (IFN-g) expression during murine listeriosis: identification of NK1.1+ CD11c+ cells as the primary

IFN-g-expressing cells. Infect Immun. 2007; 75(3):1167–76. Epub 2006/12/13. https://doi.org/10.1128/

IAI.01026-06 PMID: 17158904; PubMed Central PMCID: PMC1828594.

51. Caminschi I, Ahmet F, Heger K, Brady J, Nutt SL, Vremec D, et al. Putative IKDCs are functionally and

developmentally similar to natural killer cells, but not to dendritic cells. J Exp Med. 2007. https://doi.org/

10.1084/jem.20071351 PMID: 17923506.

52. Hall JD, Woolard MD, Gunn BM, Craven RR, Taft-Benz S, Frelinger JA, et al. Infected-host-cell reper-

toire and cellular response in the lung following inhalation of Francisella tularensis Schu S4, LVS, or

U112. Infect Immun. 2008; 76(12):5843–52. Epub 2008/10/15. https://doi.org/10.1128/IAI.01176-08

PMID: 18852251; PubMed Central PMCID: PMC2583552.

53. Orozco SL, Daniels BP, Yatim N, Messmer MN, Quarato G, Chen-Harris H, et al. RIPK3 activation

leads to cytokine synthesis that continues after loss of cell membrane integrity. Cell Rep. 2019; 28

(9):2275–87 e5. Epub 2019/08/29. https://doi.org/10.1016/j.celrep.2019.07.077 PMID: 31461645;

PubMed Central PMCID: PMC6857709.

54. Hong KJ, Wickstrum JR, Yeh HW, Parmely MJ. Toll-like receptor 2 controls the gamma interferon

response to Francisella tularensis by mouse liver lymphocytes. Infect Immun. 2007; 75(11):5338–45.

Epub 2007/09/06. https://doi.org/10.1128/IAI.00561-07 PMID: 17785474; PubMed Central PMCID:

PMC2168295.

55. Ashtekar AR, Zhang P, Katz J, Deivanayagam CC, Rallabhandi P, Vogel SN, et al. TLR4-mediated acti-

vation of dendritic cells by the heat shock protein DnaK from Francisella tularensis. J Leukoc Biol. 2008;

PLOS ONE Production of IFN-gamma by dendritic cells against Francisella tularensis depends on MyD88

PLOS ONE | https://doi.org/10.1371/journal.pone.0237034 August 3, 2020 20 / 21

https://doi.org/10.1084/jem.189.12.1981
http://www.ncbi.nlm.nih.gov/pubmed/10377194
https://doi.org/10.4049/jimmunol.166.9.5448
http://www.ncbi.nlm.nih.gov/pubmed/11313382
https://doi.org/10.1073/pnas.1332767100
http://www.ncbi.nlm.nih.gov/pubmed/12802010
https://doi.org/10.1016/j.bbrc.2006.11.136
http://www.ncbi.nlm.nih.gov/pubmed/17157804
https://doi.org/10.1128/IAI.05819-11
http://www.ncbi.nlm.nih.gov/pubmed/22025508
https://doi.org/10.1128/IAI.72.7.4233-4239.2004
http://www.ncbi.nlm.nih.gov/pubmed/15213168
https://doi.org/10.1038/s41467-019-10486-5
https://doi.org/10.1038/s41467-019-10486-5
http://www.ncbi.nlm.nih.gov/pubmed/31273203
https://doi.org/10.4049/jimmunol.179.4.2485
http://www.ncbi.nlm.nih.gov/pubmed/17675510
https://doi.org/10.1189/jlb.1204721
https://doi.org/10.1189/jlb.1204721
http://www.ncbi.nlm.nih.gov/pubmed/16033811
https://doi.org/10.4049/jimmunol.176.9.5173
http://www.ncbi.nlm.nih.gov/pubmed/16621981
https://doi.org/10.1038/nm1352
https://doi.org/10.1038/nm1352
http://www.ncbi.nlm.nih.gov/pubmed/16444266
https://doi.org/10.1128/IAI.01026-06
https://doi.org/10.1128/IAI.01026-06
http://www.ncbi.nlm.nih.gov/pubmed/17158904
https://doi.org/10.1084/jem.20071351
https://doi.org/10.1084/jem.20071351
http://www.ncbi.nlm.nih.gov/pubmed/17923506
https://doi.org/10.1128/IAI.01176-08
http://www.ncbi.nlm.nih.gov/pubmed/18852251
https://doi.org/10.1016/j.celrep.2019.07.077
http://www.ncbi.nlm.nih.gov/pubmed/31461645
https://doi.org/10.1128/IAI.00561-07
http://www.ncbi.nlm.nih.gov/pubmed/17785474
https://doi.org/10.1371/journal.pone.0237034


84(6):1434–46. Epub 2008/08/19. https://doi.org/10.1189/jlb.0308215 PMID: 18708593; PubMed Cen-

tral PMCID: PMC2614597.

56. Pietras EM, Miller LS, Johnson CT, O’Connell RM, Dempsey PW, Cheng G. A MyD88-dependent IFN-

gammaR-CCR2 signaling circuit is required for mobilization of monocytes and host defense against

systemic bacterial challenge. Cell Res. 2011; 21(7):1068–79. Epub 2011/04/07. https://doi.org/10.

1038/cr.2011.59 PMID: 21467996; PubMed Central PMCID: PMC3193491.

57. Russo BC, Brown MJ, Nau GJ. MyD88-dependent signaling prolongs survival and reduces bacterial

burden during pulmonary infection with virulent Francisella tularensis. Am J Pathol. 2013; 183(4):1223–

32. Epub 2013/08/08. https://doi.org/10.1016/j.ajpath.2013.06.013 PMID: 23920326; PubMed Central

PMCID: PMC3791678.

58. Skyberg JA, Lacey CA. Hematopoietic MyD88 and IL-18 are essential for IFN-gamma-dependent

restriction of type A Francisella tularensis infection. J Leukoc Biol. 2017; 102(6):1441–50. Epub 2017/

09/28. https://doi.org/10.1189/jlb.4A0517-179R PMID: 28951422; PubMed Central PMCID:

PMC5669634.

PLOS ONE Production of IFN-gamma by dendritic cells against Francisella tularensis depends on MyD88

PLOS ONE | https://doi.org/10.1371/journal.pone.0237034 August 3, 2020 21 / 21

https://doi.org/10.1189/jlb.0308215
http://www.ncbi.nlm.nih.gov/pubmed/18708593
https://doi.org/10.1038/cr.2011.59
https://doi.org/10.1038/cr.2011.59
http://www.ncbi.nlm.nih.gov/pubmed/21467996
https://doi.org/10.1016/j.ajpath.2013.06.013
http://www.ncbi.nlm.nih.gov/pubmed/23920326
https://doi.org/10.1189/jlb.4A0517-179R
http://www.ncbi.nlm.nih.gov/pubmed/28951422
https://doi.org/10.1371/journal.pone.0237034

