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Differential TLR7-mediated cytokine expression by R848 in M-
CSF- versus GM-CSF-derived macrophages after LCMV infection
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Abstract

Granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage colony-stimulating factor (M-CSF) play an
important role in macrophage (M®) development by influencing their differentiation and polarization. Our goal was to explore
the difference between M-CSF- and GM-CSF-derived bone marrow M® responsiveness to TLR7-mediated signalling pathways
that influence cytokine production early after infection in a model of acute virus infection. To do so, we examined cytokine pro-
duction and TLR7-mediated signalling at 1h post-lymphocytic choriomeningitis virus (LCMV) Armstrong (ARM) infection. We
found that R848-induced cytokine expression was enhanced in these cells, with GM-CSF cells exhibiting higher proinflamma-
tory cytokine expression and M-CSF cells exhibiting higher anti-inflammatory cytokine expression. However, R848-mediated
signalling molecule activation was diminished in LCMV-infected M-CSF and GM-CSF macrophages. Interestingly, we observed
that TLR7 expression was maintained during LCMV infection of M-CSF and GM-CSF cells. Moreover, TLR7 expression was sig-
nificantly higher in M-CSF cells compared to GM-CSF cells. Taken together, our data demonstrate that although LCMV restrains
early TLR7-mediated signalling, it primes differentiated M® to enhance expression of their respective cytokine profiles and

maintains levels of TLR7 expression early after infection.

INTRODUCTION

Macrophages (M®) are phagocytic cells that serve impor-
tant roles in anti-viral immunity. In response to acute virus
infection M® are excellent producers of cytokines that, if not
adequately controlled, can lead to harmful effects. Generally,
MO are activated by a variety of stimuli, which can lead to
their polarization into what was originally defined as clas-
sically activated M1 M® or alternatively activated M®, M2
[1-8]. M1 M® typically secrete proinflammatory cytokines,
such as IL-12, IL-23 and TNF-a [9], and these cells also
exhibit an increase of phagocytotic activity, the induction of
autophagy and production of nitric oxide [4]. On the other
hand, exposure to cytokines such as IL-4, IL-10, or IL-13
shifts M® polarization towards an M2 phenotype [10].

M cultured in granulocyte macrophage colony-stimulating
factor (GM-CSF) have been found to be closely related to M1
M, based on cytokine expression [6, 7, 11-14]. Monocytes
treated with macrophage-colony stimulating factor (M-CSF)
differentiate into M®, which express anti-inflammatory
cytokines such as IL-10 and are characterized by enhanced

arginase-1 production over nitric oxide [15]. It should be
noted that M1 and M2 M® can share markers such as CD11¢,
CD11b and MHCII [14, 16-18], reflecting the spectrum of
M® activation [4]. Both M-CSF and GM-CSF play roles in
immune responses to virus infection, thus these cytokines
may influence the activity of M® during virus infection,
skewing the cytokine response to either a proinflammatory
or an anti-inflammatory profile.

Lymphocytic choriomeningitis virus (LCMV) is a natural
mouse pathogen, which infects and replicates in M®
[14, 19, 20], as well as in dendritic cells (DCs) [21, 22]. LCMV
infection in vivo induces M1 activation, as illustrated by the
expression of iNOS and YM-1 in splenic M® after viral
infection [23]. Innate immune responses to LCMV infection
are led by a variety of pattern recognition receptors (PRRs).
Of these, TLR7 is a key endosomal PRR that recognizes
ssRNA. With respect to LCMV infection, TLR7 knockout
mice (TLR77") are unable to induce type I IFN in high levels
in response to the acute LCMV-WE strain (LCMV-WE)
[24], which indicates the importance of TLR7 during viral
infection. Although TLR7”~ mice clear LCMV-Armstrong
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(LCMV-ARM; model of acute infection), they do not clear
LCMV-clone 13 (LCMV-CL13; model of chronic infection)
infection [25], indicating a requirement for TLR7-mediated
signalling to ultimately activate the adaptive immune
responses necessary to clear chronic viral infection. Herein,
we focused on the early innate cytokine responses in M®
to investigate how TLR7 responsiveness may be modulated
during acute virus infection.

TLR?7 is well known to activate IRF signalling and down-
stream type I IFN production [26-29]. Since early levels
of proinflammatory and anti-inflammatory cytokines may
dictate the success of the immune response later on, we
focused on examining how a relatively short timeframe of
LCMV infection (1-6h) influenced the balance of proin-
flammatory cytokines versus anti-inflammatory cytokines
in M-CSF- and GM-CSF-derived-M®. We used a model
where M-CSF and GM-CSF M® were primed by infection
with LCMYV for 1h prior to stimulation with the TLR7 agonist
R848, followed by assessment of TLR7-mediated signalling
events and cytokine production. Our data demonstrate that
R848 stimulation triggered GM-CSF M® to produce higher
levels of proinflammatory cytokines after viral infection
compared to the proinflammatory cytokine levels observed
in M-CSF M®. M-CSF M® produced high levels of the anti-
inflammatory cytokine, IL-10 in response R848 treatment
in LCVM-infected cells. Interestingly, relatively high levels
of IL-10 were also detected in response to R848 stimulation
of GM-CSF M®. Immediate TLR7-mediated signalling was
decreased in response to LCMV infection; however, TLR7
expression was maintained in LCMV-infected cells. Taken
together, our data suggest that both M-CSF and GM-CSF
MO are primed by virus infection to enhance TLR7-mediated
cytokine induction.

METHODS
Mice and media

Mice were used as a source for bone marrow-derived M®
(BMDMs). Specifically, 6-8-week-old C57BL/6 (H-2b)
purchased from JAX Labs (Bar Harbor, ME, USA) were
used. All procedures were carried out in accordance with
the guidelines of the Canadian Council of Animal Use and
Queens University animal ethics procedures. Media [RPMI
or Dulbecco's modified Eagle's medium (DMEM), 10% foetal
calf serum (FCS)] for cell culture were purchased from Invit-
rogen (Ontario, Canada).

Virus preparation

The LCMV-ARM strain was propagated in baby hamster
kidney (BHK) fibroblast cells, in DMEM supplemented
with 10% FCS, originally obtained from F. Lehmann-Grube
(Hamburg, Germany). Virus titration was carried out by
detection of LCMV-NP by flow cytometry as described by
Johnson et al. [30]. Media from uninfected BHK cells were
used for mock infection conditions.

Macrophage preparations

Bone marrow was flushed from femurs and tibia with
phosphate-buffered saline (PBS). Cells were then resuspended
in lysis buffer (1.66% ammonium chloride) for 5min to lyse
red blood cells. Cells were cultured in six-well tissue culture
plates with RPMI supplemented with 10% FCS (Fisher Scien-
tific, USA), 50 uyg ml™* gentamycin and 20% supernatant from
GM-CSEF-secreting X63Ag8 cells or 20% supernatant from
M-CSE-secreting 1929 fibroblasts. After 3 days, non-adherent
cells were removed from both GM-CSF- and M-CSEF-
conditioned media. BMDM:s were generated and the adherent
cells were harvested on day 7 post-culture. The phenotypic
characteristics of M-CSF or GM-CSF M® were evaluated by
flow cytometry.

Infection and stimulation of M

BMDMs (M-CSF M® or GM-CSF M®) were infected with
LCMV-ARM [multiplicity of infection (m.o.i.)=3] or mock
control media for times ranging from 1 to 6h. M® were also
infected with LCMV-ARM for 1h, followed by stimulation
with R848 (resiquimod, 1 pgml™ or 5pugml™), and cultured
in RPMI with 5% FCS at 37°C for various time points. Cell
pellets were collected for flow cytometry or Western blotting
and cell-free supernatant was collected for enzyme-linked
immunosorbent assay (ELISA).

Flow cytometry analyses

Flow cytometryanalyses of M-CSF M® and GM-CSF M® were
performed after 7 days in culture. For surface marker staining,
cells were stained for 20min at 4°C with fluorochrome-
labelled anti-mouse Abs (Biolegend, USA) specific for CD11b
(clone M1/70-PE) and F4/80 (clone BM8-PE/Cy5). Detec-
tion of TLR7 was done by intracellular staining; cells were
fixed with 1% paraformaldehyde (PFA) for 20 min, washed
twice in PBS and then permeabilized with 0.1% saponin for
25min before incubation with PE-conjugated anti-mouse
TLR7 (clone A94B10; BD Pharmingen, USA) for 1h at room
temperature. Flow cytometry analysis was performed using
the CytoFLEX flow cytometer (Beckman Coulter, USA) and
analysed using Flow]Jo software. The geometric mean fluores-
cent intensity values are indicated for each histogram.

Western blotting

M-CSF M® and GM-CSF M® were infected with mock or
LCMYV for 1h, and then stimulated with R848 for 15 min.
Cells were then harvested and pellets were incubated in
lysis buffer (1 M HEPES, 0.5 M NaF, 0.5 M EGTA, 2.5 M
NaCl, 1 M MgCl,, 10% glyercol, 1% Triton X-100) with
PhosSTOP phosphatase inhibitor (Roche, Switzerland). The
Bradford assay (BioRad Laboratories, USA) was used to
determine protein concentration. Lysates were subjected
to electrophoresis on 10% polyacrylamide SDS-PAGE
and transferred to polyvinylidene difluoride membrane
(BioRad Laboratories). Membranes were probed with the
following primary antibodies: rabbit anti-phospho-NF-kB
(Santa Cruz Biotechnology, USA), anti-phospho-p42/44,
anti-phospho-p38 (Cell Signaling Technologies, USA) and
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secondary antibody : goat anti-rabbit-HRP (Santa Cruz
Biotechnology). Membranes were stripped and reprobed
with rabbit anti-NF-kBp65, anti-pan p38, or anti-p42/44
(Santa Cruz Biotechnology). All membranes were visual-
ized with Clarity Western ECL Substrate (Bio-Rad, USA)
and imaged and quantified using an Alpha Innotech
FluorChem HD2 system using AlphaView software version
3.1.0.0. To obtain fold change data, the densitometry of
phospho-specific bands was first normalized to respective
pan bands and the mock medium control for each of M-CSF
and GM-CSF cells was used to calculate the fold change.

ELISA

ELISA was performed on cell supernatants as per the manu-
facturer’s instructions using mouse Invitrogen ELISA Kkits
specific for IL-12p70, IL-12/23p40, TNF-a, IL-6 and IL-10
(Thermo Fischer Scientific, USA). Absorbance was read at
450 nm using a BioTek EL800 Plate Reader (Thermo Fisher
Scientific) using Gen5 software version 1.04.5. Data were
analysed using GraphPad Prism 8 and are shown as the
average+sD from a minimum of three different experiments.

Statistical analysis

Significance was calculated using GraphPad Prism 8. Signifi-
cance between untreated and R848 stimulated cells was calcu-
lated using Tukey’s test corrected for multiple comparisons. To
determine significance between mock- and LCMV-infected
cells, either two-way analysis of variance (ANOVA) with
Tukey’s multiple comparisons test or Bonferroni’s multiple

comparison tests were performed. *P<0.05, **P<0.01,
*P<0.001, ****P<0.0001.

RESULTS

M-CSF- and GM-CSF-derived M® express F4/80
and CD11b surface markers and are readily
infected with LCMV

Throughout this study, we used bone marrow-derived cells
differentiated in the presence of either M-CSF or GM-CSE,
resulting in differentially polarized M®. Initially, we wanted
to confirm that the cells express the well-characterized M®
markers F4/80 and CD11b. As expected, M-CSF-derived
cells show higher levels of F4/80 expression compared to
GM-CSF-derived M® (Fig. 1) [12, 14, 16, 18].

To confirm that M-CSF and GM-CSF cells are permissive to
LCMV infection, we cultured the M® with LCMV-ARM at
an m.o.i. of 3, and tested for de novo synthesis of LCMV-NP.
We incubated the virus with M-CSF M® and GM-CSF M®
for 60 min to allow for absorption and infection to occur.
We then cultured the cells for 24 h at 37°C to ensure suffi-
cient time for LCMV-NP to accumulate to detectable levels
[31, 32]. Following staining for LCMV-NP, flow cytometry
was used to measure the percentage of LCMV-NP-positive
cells (Fig. 2). The data show that LCMV infected 93.3% of
M-CSF M® (Fig. 2a; MED MFI: 6950, LCMV MFI: 9600),
compared to 66.1% of the GM-CSF M® (Fig. 2b; MED MFI:
7640, LCMV MFI: 4550). Thus, the majority of both types
of M® were infected with LCMV.

a M-CSF

b GM-CSF

, i
A0 Fal Q2 |nf ELel Q2
3103 88,9 3650 335
108 =2 108
10° = 10°
104 = 104 v
o ] L
1_|103-§' 103-5'_,
O Jaos Q3 Q4 Q3
Q 0,75 7,04E-3 , 11,52 0
10 . 10
Py phep e P —rrprmy P e o
102 108 104 10° 108 102 103 104 10° 108 10’
F4/80 >

Fig. 1. Phenotyping of bone marrow-derived M® cultured in M-CSF versus GM-CSF. Cells were differentiated with either M-CSF or GM-
CSF for 7days in RPMI with 10% FBS. On day 7cells were harvested and co-stained with anti-F4/80 and anti-CD11b antibodies and
analysed via flow cytometry. Data shown are representative of three independent biological replicates.
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Fig. 2. LCMV nucleoprotein expression in infected BMDMs (M-CSF and GM-CSF). In vitro LCMV-NP expression in M-CSF- or GM-CSF-
induced cells after infection with LCMV. M-CSF (a) and GM-CSF (b) cells were infected at an m.o.i. of 3 for 24 h. Uninfected cells were used
in the same labelling protocol to indicate the negative controls (white histogram) and were used to gate on positive NP stained cells (light
grey). These data are a representative of three independent biological replicates.

M-CSF- and GM-CSF-derived M® exhibit disparate
cytokine responses early post-LCMV infection

We previously examined the influence of LCMV infection on
GM-CSF and M-CSF M® after 6 and 24 h of infection [14].
Herein, we assessed the rapidity of the cytokine response to
infection by examining earlier time points of 1 and 3h and
included the 6 h time point as a control (Fig. 3). We confirmed
that GM-CSF cells displayed a more inflammatory cytokine
profile compared to M-CSF cells. At time points as early as 1 h,
GM-CSF M® exhibited enhanced TNF-a and IL-12/23p40
and by 3h, enhanced IL-6 expression (Fig. 3a—c). In contrast,
M-CSF M® cells under the same conditions exhibited higher
levels of the anti-inflammatory cytokine, IL-10, by the 3h
time point (Fig. 3d). As expected, GM-CSF cells exhibited
greater TNF-a, IL-6 and IL-12/23p40 levels compared to
mock-treated cells (Fig. 3a—c). At the 6h time point, LCMV
infection induced a low, but significant, amount of IL-10 from
GM-CSF cells (Fig. 3d). Taken together, these results indicate
that as early as 1 h post-infection, changes in cytokine secre-
tion levels are detectable; therefore, we chose this time point
for analysis of TLR7 responsiveness during very early LCMV
infection in subsequent experiments.

LCMV infection primes M® to secrete cytokines in
response to subsequent TLR7 stimulation

To evaluate how GM-CSF M® and M-CSF M® respond to
TLR7 ligation very early after virus infection, differentiated
cells were either infected with LCMV or mock for 1h and
then stimulated with R848 for an additional 1, 3 and 6h.
Cell-free supernatants were collected and analysed by ELISA

(Fig. 4). Overall, GM-CSF cells expressed higher levels of
the proinflammatory cytokines TNF-a, IL-6, IL-12/23p40
and IL-23 in response to R848 in the presence or absence
of LCMV compared to M-CSF cells (Fig. 4a-d). Interest-
ingly, IL-12p70 was not detected in any condition (Fig. 4e).
However, differential responses to R848 treatment in mock-
and LCMV-infected cells with respect to proinflammatory
cytokine expression were observed. M-CSF M® produced
low levels of TNF-a in response to virus infection alone and
also in response to LCMYV infection followed by R848 stimu-
lation (Fig. 4a). However, R848 stimulation of LCM V-infected
GM-CSF M® induced TNF-a to significantly higher levels
compared to R848-treated GM-CSF M® mock controls as
well as untreated (MED) and R848-uninfected GM-CSF M®
controls (Fig. 4a). GM-CSF M® produced significantly higher
levels of TNF-a in both mock- and LCMV-infected cells in
response after 3 and 6 h of R848 stimulation.

IL-6 exhibited differential responses to R848 stimulation in
M-CSF and GM-CSE cells (Fig. 4b). In M-CSF cells, LCMV
infection followed by R848 stimulation resulted in the induc-
tion of IL-6 expression, but expression of this cytokine was
not detected in response to LCMYV alone. In contrast, in
GM-CSEF cells, LCMV infection alone induced IL-6 expres-
sion, and in response to R848 alone, these cells produced
significantly higher levels of IL-6. LCMV-infected cells at 1 h
post-R848 stimulation exhibited significantly higher levels
of IL-6; however, these cells exhibited significantly reduced
IL-6 production by 6h post-R848 stimulation compared to
mock-infected cells (Fig. 4b). Similar to TNF-a, GM-CSF M®
produced significantly higher levels of IL-6 in both mock- and
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Fig. 3. Infection with LCMV causes differential cytokine production in M-CSF- and GM-CSF-derived M®. Murine bone marrow-derived
M® cultured in M-CSF or GM-CSF for 7 days were exposed to media conditions, mock infection, or LCMV infection for 1, 3, or 6 h before
the supernatants were harvested. Supernatants were harvested for cytokine analysis by ELISA: TNF-a (a), IL-6 (b), IL-12/23p40 (c) and
IL-10 (d). Data are representative of at least three independent biological replicates and are presented as the mean+sp of three technical
replicate wells. Statistical significance for differences in cytokine expression between mock- and LCMV-infected cells was calculated
using a two-way ANOVA with Tukey's multiple comparisons test. *P<0.05, **P<0.01, **P<0.001, ***P<0.0001.

LCMV-infected cells in response to R848 stimulation (3 and
6h).

IL-12/23p40 was produced by M-CSF M® in response to
LCMV infection (Fig. 4c), while in GM-CSF M®, LCMV
infection resulted in significantly elevated levels compared
to mock control. The combination of virus infection and
R848 treatment primed GM-CSF M® to significantly elevate
IL-12/23p40 levels compared to media-treated cells (Fig. 4c).
In comparison to M-CSF cells, GM-CSF cells expressed
significantly higher levels of IL-12/23p40 in cells infected
with LCMV in the presence and absence of R848 stimula-
tion. In contrast to IL-12/23p40, IL-23 was only induced by
R848-treated GM-CSF M® cells, where it was expressed at
significantly higher levels compared to media- and mock-
infected controls (Fig. 4d).

Expression of the anti-inflammatory cytokine IL-10 was
significantly higher in LCMV-infected M-CSF cells compared
to mock infection and further stimulation with R848

significantly enhanced the production of IL-10 in LCMV-
infected M-CSF cells (Fig. 4f). Surprisingly, R848 and the
combination of virus infection and R848 treatment primed
GM-CSF M® to express similar amounts of IL-10 and these
levels reached comparable levels to those for LCM V-infected
M-CSF cells stimulated with R848 (Fig. 4f). Taken together,
these results indicate that GM-CSF cells are more responsive
to R848 stimulation with respect to both proinflammatory
and anti-inflammatory cytokine expression, while M-CSF
cells are more responsive to R848 stimulation with respect to
anti-inflammatory cytokine expression.

R848-mediated signalling is blocked in LCMV-
primed cells

Since we observed differential regulation of cytokine expres-
sion in response to LCMV infection and R848 stimulation
in the two cell types, we examined whether LCMV infec-
tion could influence the TLR7 responsiveness to R848.
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Fig. 4. GM-CSF M® exhibit enhanced proinflammatory cytokine expression in response to LCMV infection and R848 stimulation. GM-CSF
M® and M-CSF M® were either infected with LCMV (m.o0.i.=3) or mock and then stimulated with R848 (1 ugml™') for 1h, 3h and 6h. GM-
CSF and M-CSF cell-free supernatants were collected for the measurement of TNF-o. (a), IL-6 (b), IL-12/23p40 (c), IL-23 (d), IL-12p70 (e)
and IL-10 (f) by ELISA. Data presented are the mean+sp of three independent biological replicates, each with three technical replicate
wells. Statistical significance for differences in cytokine expression between R848 treated and untreated cells was calculated using
Tukey's multiple comparisons test. To determine statistical significance between mock- and LCMV-infected cells, Bonferroni's multiple

comparisons were performed. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Fig. 5. Phosphorylation of p38, p42/44 and NF-kB is decreased in LCMV-infected M-CSF and GM-CSF M® in response to R848. Murine
bone marrow-derived M® were differentiated in M-CSF- or GM-CSF-enriched media for 7days before infection. M® were infected
with mock or LCMV for 1h and then exposed to R848 (5ugml™) for 15min. (a) Cells were then harvested and lysed for immunoblot
for phosphorylated (p)-p38, p-42/44 and p-NF-kBp65. Blots were stripped and reproved with pan p38, p42/44 and NF-kB antibodies.
Immunoblots shown are representative of at least three independent biological replicates. (b) Densitometry analysis was performed on
three independent biological replicates and is graphed as the mean MFI+sD of the fold change compared to mock medium (MOCK MED)
controls for M-CSF and GM-CSF. Statistical significance for differences in phosphorylation levels between R848-treated and untreated
cells was calculated using Tukey's multiple comparisons test. **P<0.01, **P<0.001, ****P<0.0001.

Differentiated cells were infected with LCMV or mock for 1 h,
followed by stimulation with R848 for 15 min. Immunoblots
were used to evaluate the phosphorylation and expression
of p38, p42/44 and NF-kBp65 (Fig. 5). As expected, mock-
infected M-CSF and GM-CSF cells exhibited significant
upregulation of phosphorylated p38, p42/44 and NF-kBp65 in
response to R848 stimulation, indicating that both cell types
are capable of signalling in response to R848.

In LCMV-infected M-CSF and GM-CSF cells, R848-mediated
phosphorylation of p38 and p42/44 was significantly reduced
compared to mock conditions, although not completely
abolished. Similarly, R848-mediated phosphorylation of
NF-kBp65 was significantly reduced in LCMV-infected
GM-CSF cells and abolished in M-CSF cells. Taken together,
these results indicate that LCMV infection dampens TLR7-
mediated p38, p42/44 and NF-kB signalling in M-CSF and
GM-CSF cells.

LCMV infection enhances TLR7 expression in GM-
CSF cells, while R848 reduces TLR7 expression in
GM-CSF and M-CSF cells

Since we observed that R848 treatment and the combination
of virus infection and R848 treatment modulated cytokine
production and TLR7-mediated signalling, we next exam-
ined if these parameters could influence TLR7 expression.
Therefore, cells were either infected with LCMV or mock,
treated with R848 or left in media for 1, 3, or 6h followed
by intracellular staining for TLR7. Analysis of differentiated
cells cultured in media or mock control conditions revealed
that M-CSF cells expressed significantly higher levels of TLR7
compared to GM-CSF cells (Fig. 6a, b, top 2 rows, and c).
M-CSF cells infected with LCMV maintained relatively high
TLRY7 levels, whereas the levels in M-CSF cells were lower
across all time points (Fig. 6a, b, row 4). In LCMV-infected
M-CSF and GM-CSF cells, TLR7 expression was higher
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shown are representative of three independent biological replicates. The average MFI+sp (c) was calculated from three biological
replicates. Statistical significance for differences in TLR7 expression between R848-treated and untreated cells was calculated using
Tukey’'s multiple comparisons test. To determine statistical significance between mock- and LCMV-infected cells, Bonferroni's multiple
comparisons were performed. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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compared to mock cells (Fig. 6a, b, bottom row), but these
differences in expression do not reach statistical significance
(Fig. 6¢). These results indicate that LCMV infection primes
the cells to retain TLR7 expression even in the presence of
R848.

DISCUSSION

In this report, we demonstrate that LCMV infection at an
early time point of 1h can influence the M® response to
further TLR7 activation. We observed that although LCMV
infection partially reduces TLR7-mediated signalling in
M-CSF and GM-CSE, TLR7 expression levels are maintained.
Furthermore, we found that M® primed by LCMV infection
expressed higher levels of cytokines in response to R848 stim-
ulation. Specifically, GM-CSF cells expressed higher levels
of the proinflammatory cytokines TNF-a, IL-6, IL-12/23p40
and IL-23, and the anti-inflammatory cytokine IL-10, while
M-CSF cells expressed higher levels of IL-10 and only low-to-
undetectable levels of TNF-q, IL-6, IL-12/23p40 and IL-23.

Under homeostatic conditions, M-CSF is expressed in circu-
lation and produced by diverse cells, such as endothelial
cells, fibroblasts and M®, while GM-CSF is induced under
inflammatory conditions, such as arthritis and atherosclerosis
[3-7, 12]. M-CSF and GM-CSF expression is also relevant to
the control of ssRNA virus infection, where they are being
considered as potential therapeutics for viruses such as HIV
and influenza A [3, 33]. For instance, high levels of GM-CSF
in the lungs are protective against influenza A infection, and
can moderate M1 M®d-mediated inflammation [33].

Typically, GM-CSF and M-CSF have the ability to differentiate
M® into opposing phenotypes, whereby M-CSF M® tend to
have an M2 M® phenotype, and GM-CSF M® tend to have an
M1 M® phenotype [12, 14, 16, 17, 20, 23, 34, 35]. Previously,
LCMYV infection was shown to increase expression of M1 M®
markers such as iNOS and YM-1 expression, indicating that
LCMYV infection promotes M1 differentiation [23]. However,
M2 M® were represented in a high percentage of total M®
population during chronic LCMV infection [36]. Our data
measuring LCMV-NP expression demonstrate that M-CSF
M® exhibited greater levels of LCMV infection and replica-
tion compared to GM-CSF M®; however, despite this, both
M types exhibited higher levels of R848-induced cytokines
in the presence of LCMV infection. This indicates that the
virus infection primes the cells for TLR7 responsiveness,
supporting the notion that LCMV may promote cytokine
induction from pre-existing M1- and M2-polarized cells. In
other words, M-CSF M® and GM-CSF M® are primed by
LCMYV infection for enhanced TLR7-mediated induction of
anti-inflammatory and proinflammatory cytokines.

Recently, we compared cytokine production by M® at
later time points (6-24h) in response to LCMV-CL13 and
LCMV-ARM, which cause chronic and acute infection in
vivo, respectively. This study demonstrated that LCMV-CL13
induced lower levels of IL-6 and IL-10 in comparison to

LCMV-ARM in GM-CSF M® and M-CSF MO, respectively,
but induced higher levels of TNF-a in GM-CSF M® [14].
Overall, GM-CSF M® responded to LCMV infection by
producing a stronger proinflammatory cytokine response
compared to M-CSF M®. In contrast, the anti-inflammatory
cytokine IL-10 was significantly induced at high levels by
M-CSF M® [14]. Our current study expands on these results
by demonstrating that early after LCMV infection, enhanced
sensitivity to TLR7-mediated induction of proinflammatory
and anti-inflammatory cytokines from GM-CSEF M® and
anti-inflammatory cytokine expression from M-CSF M®
occurs.

We demonstrated that IL-23 was only produced by GM-CSF
M® in response to LCMV infection followed by R848
stimulation, while IL-12p70 was not produced under these
conditions. It was unexpected that LCMYV infection followed
by R848 stimulation did not induce IL-12p70 by M® in
vitro because GM-CSF M® have the capability to express
this cytokine in response to LPS stimulation. LPS-mediated
TLR4 signalling activates both the MyD88-dependent and
MyD88-independent pathways, while R848-mediated TLR7
signalling activates the MyD88-dependent signalling cascade.
Therefore, R848 might induce IL-23 expression in response
to LCMYV infection via a MyD88-dependant pathway but
not IL-12p70. Basal IL-12p40 mRNA levels are increased in
GM-CSF M® during differentiation [12] and our data indi-
cate that in GM-CSF M®, IL-12p40 was induced by LCMV
infection alone and R848 alone, and was further enhanced
in response to R848 in LCMV-infected cells. Furthermore,
given that IL-23 is composed of the p19 and p40 subunits
and IL-12p70 is composed of p35 and p40 subunits, it is likely
that p19 and p35 expression are differentially regulated in
response to LPS versus R848.

Our finding that R848 stimulation alone, as well as LCMV
infection followed by R848 stimulation of M-CSF M®,
induced significant levels of IL-10 is supported by a previous
study showing that LPS-induced IL-10 was detected in
M-CSF M® [12]. However, this study also showed that
LPS-induced IL-10 expression from M-CSF M® was greater
than LPS-induced IL-10 expression from GM-CSF M® [12].
Interestingly, we show that R848 stimulation enhanced IL-10
production by GM-CSF M® after LCMV infection as well
as mock treatment to comparable levels to those observed in
LCMV-infected, R848-treated M-CSF M®. This highlights
the differential response between LPS and R848, and indi-
cates that GM-CSF M® could be shifted towards an anti-
inflammatory or M2 phenotype via TLR7 signalling. Taken
together, engagement of TLR7 post-viral infection may play a
role in producing anti-inflammatory cytokines such as IL-10,
which could lead to a return to homeostasis by controlling the
production of proinflammatory cytokines.

M® express a variety of TLRs that recognize and respond
to LCMV-derived PAMPs. Among them, TLR7 is specific
to single-stranded RNA, an indicator of viral infection [37].
TLR7"~ mice lack sufficient type I IFN production in response
to acute LCMV-WE infection [24], indicating that TLR7 can
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play a crucial role during viral infection. Furthermore, TLR7~
mice clear acute LCMV-ARM infection, but not the chronic
LCMV-CL13 [25], indicating that TLR7 may play different
roles in acute versus chronic viral infection. Upon activation,
downstream TLR?7 signalling leads to the activation of MAPK
molecules and NF-kB, in addition to IRF molecules and type
I IFN responses [38-41]. TLR7-mediated MAPK and NF-«B
signalling typically lead to the production of proinflammatory
and anti-inflammatory cytokines by M® [42-44]. Activation
of p38 is responsible for the induction of the proinflammatory
cytokines IL-6, TNF-a and IL-12 in activated M®, while ERK
controls that of IL-10 [44-46].

Interestingly, our data indicate that TLR7-mediated signal-
ling through the p38 and ERK MAPK pathways as well as
the activation of NF-kB are partially inhibited in LCMV-
primed cells, although, despite this inhibition, cytokine
production in response to TLR7 was maintained at robust
levels. Maintenance of TLR7 expression in cells primed
with LCMV may account for the availability of R848-TLR7
interactions, allowing for increased cytokine expression
in M-CSF and GM-CSF cells. Our data suggesting that
R848 treatment of mock-infected cells may decrease TLR7
expression agree with other data showing that treatment
of peripheral blood monocytes with R848 decreased TLR7
expression [47].

In summary, we demonstrate that R848 triggered GM-CSF
M® to induce high levels of proinflammatory cytokines in the
presence or absence of LCMV compared to classical M-CSF
M®. Interestingly, we found that the anti-inflammatory
cytokine IL-10 was induced at high levels in response to R848
in GM-CSF M®, reaching similar levels to those in M-CSF
M®. We also showed that LCMV infection partially decreased
activation of TLR7-mediated signalling, while maintaining
TLR7 expression. These findings provide new insight into
how RNA viruses modulate inflammatory responses, with
TLR7 ligation rendering a pronounced cytokine response,
suggesting that very early exposure to virus infection func-
tions to prime M®-led responses.

Funding information

This work was supported by grants from the National Sciences and
Engineering Research Council of Canada (NSERC) to K. G. and S. B. and
the Faculty of Health Sciences at Queen’s University Spear and Start
award to K. G.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References
1. Mosser DM, Edwards JP. Exploring the full spectrum of
macrophage activation. Nat Rev Immunol 2008;8:958-969.

2. Shi X, Shiao SL. The role of macrophage phenotype in regulating
the response to radiation therapy. Transl Res 2018;191:64-80.

3. Trus E, Basta S, Gee K. Who's in charge here? macrophage colony
stimulating factor and granulocyte macrophage colony stimulating
factor: competing factors in macrophage polarization. Cytokine
2020;127:154939.

4. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000Prime Rep 2014;6:13.

10

20.

21.

22.

23.

24.

25.

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW et al.
Macrophage activation and polarization: nomenclature and experi-
mental guidelines. Immunity 2014;41:14-20.

Bailey MJ, Lacey DC, de Kok BVA, Veith PD, Reynolds EC et al.

Extracellular proteomes of M-CSF (CSF-1) and GM-CSF-dependent
macrophages. Immunol Cell Biol 2011;89:283-293.

Hamilton JA. Colony-stimulating factors in inflammation and auto-
immunity. Nat Rev Immunol 2008;8:533-544.

Hamilton JA. GM-CSF-Dependent inflammatory pathways. Front
Immunol 2019;10:2055.

Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo
veritas. J Clin Invest 2012;122:787-795.

Classen A, Lloberas J, Celada A. Macrophage activation: classical
versus alternative. Methods Mol Biol 2009;531:29-43.

. Akagawa KS. Functional heterogeneity of colony-stimulating

factor-induced human monocyte-derived macrophages. Int J
Hematol 2002;76:27-34.

Fleetwood AJ, Lawrence T, Hamilton JA, Cook AD. Granulocyte-
macrophage colony-stimulating factor (CSF) and macrophage
CSF-dependent macrophage phenotypes display differ-
ences in cytokine profiles and transcription factor activities:
implications for CSF blockade in inflammation. J Immunol
2007;178:5245-5252.

Lacey DC, Achuthan A, Fleetwood AJ, Dinh H, Roiniotis J et al.
Defining GM-CSF- and macrophage-CSF-dependent macrophage
responses by in vitro models. J Immunol 2012;188:5752-5765.

Alothaimeen T, Seaver K, Mulder R, Gee K, Basta S. Granulocyte/
Macrophage colony-stimulating factor-derived macrophages
exhibit distinctive early immune response to lymphocytic chori-
omeningitis virus infection. Viral Immunol 2020;33:477-.

Edwards JP, Zhang X, Frauwirth KA, Mosser DM. Biochemical and
functional characterization of three activated macrophage popula-
tions. J Leukoc Biol 2006;80:1298-1307.

Helft J, Bottcher J, Chakravarty P, Zelenay S, Huotari J et al. GM-
CSF Mouse Bone Marrow Cultures Comprise a Heterogeneous
Population of CD11c(+)MHCII(+) Macrophages and Dendritic Cells.
Immunity 2015;42:1197-1211.

Erlich Z, Shlomovitz |, Edry-Botzer L, Cohen H, Frank D et al.
Macrophages, rather than DCs, are responsible for inflammasome
activity in the GM-CSF BMDC model. Nat Immunol 2019;20:397-406.

Na YR, Jung D, Gu GJ, Seok SH, YR N, . GM-CSF grown bone marrow
derived cells are composed of phenotypically different dendritic
cells and macrophages. Mol Cells 2016;39:734-741.

Alatery A, Basta S. An efficient culture method for generating
large quantities of mature mouse splenic macrophages. J Immunol
Methods 2008;338:47-57.

Mulder R, Banete A, Seaver K, Basta S. M(IL-4) Tissue Macrophages
Support Efficient Interferon-Gamma Production in Antigen-
Specific CD8* T Cells with Reduced Proliferative Capacity. Front
Immunol 2017;8:1629.

Sevilla N, Kunz S, McGavern D, Oldstone MBA. Infection of dendritic
cells by lymphocytic choriomeningitis virus. Curr Top Microbiol
Immunol 2003;276:125-144.

Probst HC, van den Broek M. Priming of CTLs by lymphocytic
choriomeningitis virus depends on dendritic cells. J Immunol
2005;174:3920-3924.

Mulder R, Banete A, Basta S. Spleen-derived macrophages are
readily polarized into classically activated (M1) or alternatively
activated (M2) states. Immunobiology 2014;219:737-745.

Jung A, Kato H, Kumagai Y, Kumar H, Kawai T et al. Lymphocy-
toid choriomeningitis virus activates plasmacytoid dendritic
cells and induces a cytotoxic T-cell response via MyD88. J Virol
2008;82:196-206.

Walsh KB, Teijaro JR, Zuniga El, Welch MJ, Fremgen DM et al.
Toll-like receptor 7 is required for effective adaptive immune

responses that prevent persistent virus infection. Cell Host Microbe
2012;11:643-653.



Alothaimeen et al., Journal of General Virology 2021;102:001541

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Lee J, Wu CCN, Lee KJ, Chuang T-H, Katakura K et al. Activation of
anti-hepatitis C virus responses via Toll-like receptor 7. Proc Natl
Acad Sci U S A 2006;103:1828-1833.

Lester RT, Yao X-D, Ball TB, McKinnon LR, Kaul R et al. Toll-like
receptor expression and responsiveness are increased in viraemic
HIV-1 infection. AIDS 2008;22:685-694.

Miettinen M, Sareneva T, Julkunen |, Matikainen S. Ifns activate
Toll-like receptor gene expression in viral infections. Genes Immun
2001;2:349-355.

Petes C, Odoardi N, Gee K. The toll for trafficking: Toll-like receptor
7 delivery to the endosome. Front Immunol 2017;8:1075.

Korns Johnson D, Homann D. Accelerated and improved quantifi-
cation of lymphocytic choriomeningitis virus (LCMV) titers by flow
cytometry. PLoS One 2012;7:e37337.

Smelt SC, Borrow P, Kunz S, Cao W, Tishon A et al. Differences
in affinity of binding of lymphocytic choriomeningitis virus strains
to the cellular receptor alpha-dystroglycan correlate with viral
tropism and disease kinetics. J Virol 2001;75:448-457.

Rojek JM, Campbell KP, Oldstone MBA, Kunz S. Old World arena-
virus infection interferes with the expression of functional alpha-
dystroglycan in the host cell. Mol Biol Cell 2007;18:4493-4507.

Halstead ES, Umstead TM, Davies ML, Kawasawa Yl, Silveyra P et al.
GM-CSF overexpression after influenza A virus infection prevents
mortality and moderates M1-like airway monocyte/macrophage
polarization. Respir Res 2018;19:3.

Davis MJ, Tsang TM, Qiu Y, Dayrit JK, Freij JB et al. Macrophage
M1/M2 polarization dynamically adapts to changes in cytokine
microenvironments in Cryptococcus neoformans infection. mBio
2013;4:00264-00213.

Fleetwood AJ, Dinh H, Cook AD, Hertzog PJ, Hamilton JA. GM-
CSF- and M-CSF-dependent macrophage phenotypes display
differential dependence on type | interferon signaling. J Leukoc Biol
2009;86:411-421.

Wilson EB, Kidani Y, Elsaesser H, Barnard J, Raff L et al. Emer-
gence of distinct multiarmed immunoregulatory antigen-

presenting cells during persistent viral infection. Cell Host Microbe
2012;11:481-491.

37.

38.

39.

40.

41.

42.

43.

4b,

45.

46.

47.

Pulendran B, Palucka K, Banchereau J. Sensing pathogens and
tuning immune responses. Science 2001;293:253-256.

Takeda K, Akira S. Tlr signaling pathways. Semin Immunol
2004;16:3-9.

Hemmi H, Kaisho T, Takeuchi O, Sato S, Sanjo H et al. Small anti-
viral compounds activate immune cells via the TLR7 MyD88-
dependent signaling pathway. Nat Immunol 2002;3:196-200.

Qin BY, Liu C, Lam SS, Srinath H, Delston R et al. Crystal structure
of IRF-3 reveals mechanism of autoinhibition and virus-induced
phosphoactivation. Nat Struct Biol 2003;10:913-921.

Seo J-Y, Yaneva R, Cresswell P. Viperin: a multifunctional,
interferon-inducible protein that regulates virus replication. Cell
Host Microbe 2011;10:534-539.

Nicholas SA, Sumbayev VV. The involvement of hypoxia-inducible
factor 1 alpha in Toll-like receptor 7/8-mediated inflammatory
response. Cell Res 2009;19:973-983.

Makela SM, Strengell M, Pietila TE, Osterlund P, Julkunen I.
Multiple signaling pathways contribute to synergistic TLR ligand-
dependent cytokine gene expression in human monocyte-derived
macrophages and dendritic cells. J Leukoc Biol 2009;85:664-672.

Asami T, Ishii M, Fujii H, Namkoong H, Tasaka S et al. Modulation
of murine macrophage TLR7/8-mediated cytokine expression by
mesenchymal stem cell-conditioned medium. Mediators Inflamm
2013;2013:264260-.

Zhu J, Krishnegowda G, Gowda DC. Induction of proinflammatory
responses in macrophages by the glycosylphosphatidylinositols of
Plasmodium falciparum: the requirement of extracellular signal-
regulated kinase, p38, c-Jun N-terminal kinase and NF-kappaB
pathways for the expression of proinflammatory cytokines and
nitric oxide. J Biol Chem 2005;280:8617-8627.

Mathur RK, Awasthi A, Wadhone P, Ramanamurthy B, Saha B.
Reciprocal CD40 signals through p38MAPK and ERK-1/2 induce
counteracting immune responses. Nat Med 2004;10:540-544.
Nian H, Geng W-Q, Cui H-L, Bao M-jia, Zhang Z-ning, M-j B, Z-n Z
et al. R-848 triggers the expression of TLR7/8 and suppresses HIV
replication in monocytes. BMC Infect Dis 2012;12:5.

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.
2. We offer fast and rigorous peer review — average time to first decision is 4—6 weeks.
3. Our journals have a global readership with subscriptions held in research institutions around

the world.

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good".
5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.



	Differential TLR7-­mediated cytokine expression by R848 in M-­CSF- versus GM-­CSF-­derived macrophages after LCMV infection
	Abstract
	Introduction
	Methods
	Mice and media
	Virus preparation
	Macrophage preparations
	Infection and stimulation of Mф
	Flow cytometry analyses
	Western blotting
	ELISA
	Statistical analysis

	Results
	M-CSF- and GM-CSF-derived MФ express F4/80 and CD11b surface markers and are readily infected with LCMV
	M-CSF- and GM-CSF-derived MФ exhibit disparate cytokine responses early post-LCMV infection
	LCMV infection primes MФ to secrete cytokines in response to subsequent TLR7 stimulation
	R848-mediated signalling is blocked in LCMV-primed cells
	LCMV infection enhances TLR7 expression in GM-CSF cells, while R848 reduces TLR7 expression in GM-CSF and M-CSF cells

	Discussion
	References


