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Abstract The magnitude and duration of vertebrate viremia is a critical determinant of arbovirus
transmission, geographic spread, and disease severity. We find that multiple alphaviruses, including
chikungunya (CHIKV), Ross River (RRV), and o'nyong ‘nyong (ONNV) viruses, are cleared from the
circulation of mice by liver Kupffer cells, impeding viral dissemination. Clearance from the
circulation was independent of natural antibodies or complement factor C3, and instead relied on
scavenger receptor SR-A6 (MARCO). Remarkably, lysine to arginine substitutions at distinct
residues within the E2 glycoproteins of CHIKV and ONNV (E2 K200R) as well as RRV (E2 K251R)
allowed for escape from clearance and enhanced viremia and dissemination. Mutational analysis
revealed that viral clearance from the circulation is strictly dependent on the presence of lysine at
these positions. These findings reveal a previously unrecognized innate immune pathway that
controls alphavirus viremia and dissemination in vertebrate hosts, ultimately influencing disease
severity and likely transmission efficiency.

DOI: https://doi.org/10.7554/eLife.49163.001

Introduction
During the past several decades, multiple arboviruses, including dengue (DENV), chikungunya
(CHIKV), and Zika (ZIKV) viruses, have re-emerged to cause widespread epidemics affecting millions
of people (Weaver, 2018). For example, DENVs are estimated to cause ~390 million infections per
year resulting in ~500,000 cases of dengue hemorrhagic fever/dengue shock syndrome that can
result in death (Bhatt et al., 2013). Since 2004, CHIKV has infected millions of people and expanded
into Europe, Asia, the Pacific region, and the Americas (Moro et al., 2010; Volk et al., 2010;
Zeller et al., 2016). Joint pain, swelling, and stiffness, and tenosynovitis, can endure for months to
years after CHIKV infection (Borgherini et al., 2008; Couturier et al., 2012; Gérardin et al., 2011,
Rodriguez-Morales et al., 2016; Schilte et al., 2013). As chronic CHIKV disease is debilitating, large
epidemics have severe economic impact (Cardona-Ospina et al., 2015; Soumahoro et al., 2011,
Vijayakumar et al., 2013). ZIKV caused outbreaks on Yap Island (Duffy et al., 2009) and islands of
French Polynesia (Musso et al., 2018) in 2007 and 2013, respectively, before being introduced to
the Americas (Metsky et al., 2017). Here, ZIKV caused nearly one million confirmed and suspected
cases and became recognized as a cause of congenital neurodevelopmental defects (Pierson and
Diamond, 2018). The lack of safe and effective vaccines and therapeutics limits prevention and
treatment of many arboviral diseases.

The magnitude and duration of viremia in vertebrate hosts are important determinants of arbovi-
ral emergence, transmission efficiency, and geographic spread (Weaver, 2018). A subset of
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elLife digest Viruses transmitted by blood-feeding insects, such as mosquitoes and ticks, cause
serious human diseases. In recent years these viruses (also known as arboviruses) have re-emerged
at an unprecedented scale, leading to global outbreaks of diseases such as Zika or chikungunya
fever. The severity of these diseases and how easily they can be transmitted depends, in part, on the
level of virus in the host’s bloodstream following infection. The more viral particles present in the
blood, the easier it is for other insects that bite the host to become infected and help spread the
disease. Yet, the mechanisms that hosts use to control the amount of virus present in the blood and
how long it persists are poorly understood.

To investigate this further, Carpentier et al. used a combination of molecular and genetic
techniques to study how mice clear particles of arbovirus from their bloodstream. Surgically
removing the spleen from infected mice revealed that this organ, which filters out unwanted or
damaged materials from blood, is not required to clear some arbovirus particles. Carpentier et al.
found that removing these arboviruses from the blood instead required Kupffer cells, a type of
immune cell found in the liver.

Genetically manipulating mice so they no longer produced a protein on the surface of Kupffer
cells known as MARCO revealed that this receptor is needed to clear chikungunya viral particles.
When MARCO was genetically deleted this led to an increase in the number of viral particles in the
mice’s bloodstream, and allowed the virus to spread more rapidly throughout the bodies of the
mice. Further experiments on three different types of arboviruses showed that in order to be cleared
by MARCO, each of these viruses needed a lysine residue — one of the building blocks that makes
up proteins — at defined positions within their protein sequence.

These findings reveal a previously unknown mechanism for how hosts remove arbovirus particles
from their bloodstream. Future studies could use this information to identify new ways to control the
transmission and reduce the severity of these viral diseases.

DOI: https://doi.org/10.7554/eLife.49163.002

arboviruses, including CHIKV, DENV, and ZIKV, are capable of sustained human-mosquito-human
transmission cycles, allowing for rapid spread through urban environments. This is in part due to the
capacity of these viruses to generate a magnitude and duration of viremia in humans sufficient to
infect mosquito vectors and propagate the transmission cycle (Weaver, 2018). Moreover, for many
arboviruses, viremia levels correlate with disease severity (Chow et al., 2011; de St Maurice et al.,
2018; Pozo-Aguilar et al., 2014; Vaughn et al., 2000; Waggoner et al., 2016). Despite the critical
role for viremia during arboviral infections, innate host defenses that determine the magnitude and
duration of arboviral viremia in vertebrate hosts are poorly defined.

Phagocytic cells are strategically positioned within organs such as the spleen and liver to detect
and capture circulating self and non-self molecules. In the murine spleen, blood released from termi-
nal arterioles drains into the marginal zone, which separates the white and red pulp (Lewis et al.,
2019). Within the marginal zone, tissue resident marginal zone (MZM) and metallophilic (MMM) mac-
rophages surveil the blood for circulating antigens, apoptotic cells, debris, and pathogens
(Borges da Silva et al., 2015; Lewis et al., 2019). In addition, splenic red pulp macrophages (RPM)
also function to surveil the circulation by removing aberrant red blood cells as well as some patho-
gens, such as malaria parasites (Borges da Silva et al., 2015). Similar to the marginal zone of the
spleen, cell populations in liver sinusoids, including tissue resident macrophages (i.e., Kupffer cells
(KCs)), effectively survey blood as it percolates through the liver (Hickey and Kubes, 2009). For
example, following intravenous inoculation, bacteria are captured within seconds by KCs (Lee et al.,
2010; Zeng et al., 2016), whereas the absence of KCs results in persistent bacteremia (Lee et al.,
2010). Although the surveillance function of these tissues and cells is well-established, how they
influence viremia following arbovirus infections has not been defined.

In this study, we demonstrate that phagocytic cells are essential for efficient clearance of multiple
alphaviruses from the circulation, thus limiting viremia and impeding viral dissemination. Experiments
in splenectomized mice showed that the spleen is dispensable for clearance of these circulating
alphaviruses. Consistent with this, we found that virus accumulates in the liver, and liver resident KCs
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play a dominant role in removing circulating alphavirus particles. Mechanistically, we identified SR-
A6 (MARCO) as the receptor required for efficient alphavirus clearance. We also found that discrete
lysine (K) to arginine (R) mutations in the E2 glycoproteins of CHIKV and o’'nyong
‘nyong virus (ONNV) (E2 K200R), as well as Ross River virus (RRV) (E2 K251R), abrogated clearance
of circulating alphavirus particles, and promoted rapid viral dissemination. Moreover, substitution of
the lysine residues at CHIKV E2 200 or RRV E2 251 with a variety of other amino acids also allowed
for clearance evasion, indicating an essential requirement for key lysine residues in E2 for efficient
viral clearance from the circulation. These findings reveal a previously unrecognized innate immune
pathway that controls alphavirus viremia and dissemination in vertebrate hosts.

Results

Phagocytic cells efficiently clear multiple alphaviruses from the
circulation

To explore whether phagocytic cells participate in the clearance of circulating arboviruses, we
treated mice intravenously (i.v.) with PBS- (control) or clodronate-loaded liposomes (PLL or CLL,
respectively) to deplete phagocytic cells in the spleen, liver, and circulation that are in direct contact
with blood (Seiler et al., 1997; Van Rooijen and Sanders, 1994). The uptake of CLL by phagocytic
cells results in intracellular release of the encapsulated clodronate which is cytotoxic (Van Rooijen,
1989). At 42 hr (h) post-treatment, mice were i.v. inoculated with clinical isolates of CHIKV, ONNYV,
or RRV, all pathogenic alphaviruses (Morrison, 2014; Suhrbier et al., 2012), and viral RNA or infec-
tious virus in the serum was analyzed at 45 minutes (min) post-inoculation. In PLL-treated mice, viral
particles (CHIKV and RRV) or plaque forming units (ONNV) were nearly undetectable in the serum by
45 min post-inoculation (Figure 1). In stark contrast, CLL-treated mice had 3-4 orders of magnitude
higher amounts of viral particles (CHIKV and RRV) or plaque-forming units (ONNV) in the serum at
this time point (Figure 1). Viral RNA in PLL-treated mice also was absent from the clotted fraction of
the blood (Figure 1—figure supplement 1), demonstrating that CHIKV particles had been removed
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Figure 1. Phagocytic cells efficiently clear multiple alphaviruses from the circulation. (A-C) WT C57BL/6 mice were
treated intravenously (i.v.) with PBS- (PLL) or clodronate-loaded liposomes (CLL). At 42 hr post-treatment, mice
were inoculated i.v. with CHIKV (A), ONNV (B) or RRV (C), and viral genomes in the inoculum (input) and serum at
45 min post-inoculation were quantified by RT-gPCR (A and C) or plague assay (B). Mean + SD. N = 7, two
experiments. Mann-Whitney test; ***p<0.001. Figure 1—figure supplement 1 shows that viral RNA is
undetectable in the clotted fraction of the blood.

DOI: https://doi.org/10.7554/elife.49163.003

The following source data and figure supplement are available for figure 1:

Source data 1. Raw data for Figure 1A-C.

DOI: https://doi.org/10.7554/eLife.49163.005

Figure supplement 1. CHIKV RNA is undetectable in the clotted fraction of the blood at 45 min post-inoculation.
DOI: https://doi.org/10.7554/eLife.49163.004
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from the circulation. These findings suggest that blood-exposed phagocytic cells, such as those in
the spleen or liver, are required for clearance of blood-borne alphaviruses.

Liver Kupffer cells clear CHIKV from the circulation

The spleen and liver contain phagocytic cell populations that are strategically positioned to capture
circulating pathogens. To determine the relative contribution of the spleen, viral clearance was eval-
uated in mice that underwent sham or splenectomy surgeries. CHIKV was efficiently cleared from
the circulation of splenectomized mice (Figure 2A), demonstrating that the spleen is not required
for clearance of circulating CHIKV. Moreover, CLL-pretreatment blocked CHIKV clearance in splenec-
tomized mice (Figure 2B), suggesting that the remaining phagocytic cells in the liver are sufficient to
clear CHIKV from the circulation. Consistent with this, CHIKV RNA accumulated in the liver of control
PLL-treated mice, and this specific accumulation was lost in CLL-treated mice (Figure 2C). In
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Figure 2. Liver Kupffer cells clear CHIKV from the circulation. (A) WT C57BL/6 mice that underwent a sham or splenectomy surgery were inoculated i.v.
with CHIKV and viral genomes in the inoculum and serum at 45 min post-inoculation were quantified by RT-gPCR. Mean + SD. N = 6, two experiments.
Mann-Whitney test; p>0.05. (B) Splenectomized WT C57BL/6 mice were treated i.v. with PLL or CLL. At 42 hr post-treatment, mice were inoculated i.v.
with CHIKV and viral genomes in the inoculum (input) and serum at 45 min post-inoculation were quantified by RT-gPCR. Mean + SD. N = 6, two
experiments. Mann-Whitney test; **p<0.01. (C) WT C57BL/6 mice were treated and inoculated as in (B), and viral genomes present at 45 min post-
inoculation in the serum or indicated tissues were quantified by RT-gPCR. Mean + SD. N = 9, two experiments. Mann-Whitney test or Two-tailed t-test;
***5<0.001, ****p<0.0001. (D and E) WT C57BL/6 mice were treated as in (B) and inoculated with CHIKV at 42 hr post-treatment. Livers were collected
at 45 min post-inoculation, and RNA Scope in situ hybridization (D) or IHC (E) were performed to visualize viral RNA localization or F4/80*
macrophages, respectively. Brown staining is indicative of viral RNA (D) or F4/80" macrophages (E). N = 6-7, two experiments. Figure 2—figure
supplement 1 shows representative images of CHIKV RNA Scope in situ hybridization and F4/80 IHC for all biological replicates, and Figure 2—figure
supplement 2 shows flow cytometry analysis of liver macrophages and dendritic cells (DCs) in PLL- and CLL-treated mice.

DOV https://doi.org/10.7554/eLife.49163.006

The following source data and figure supplements are available for figure 2:

Source data 1. Raw data for Figure 2A-C.

DOV https://doi.org/10.7554/eLife.49163.009

Figure supplement 1. CHIKV RNA and F4/80" cells are detectable in the livers of PLL- but not CLL-treated mice.
DOV https://doi.org/10.7554/elife.49163.007

Figure supplement 2. Clodronate liposome treatment depletes liver macrophages, but has minimal impact on DCs.
DOI: https://doi.org/10.7554/eLife.49163.008
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contrast, viral RNA levels increased in the spleen and lung of CLL-treated mice compared with con-
trol PLL-treated mice (Figure 2C), likely due to the high amounts of virus present in contaminating
blood. Moreover, CHIKV RNA is readily detectable by in situ hybridization in the livers of PLL-treated
mice at 45 min post-inoculation, but not in CLL-treated mice (Figure 2D). While both dendritic cells
(DCs) and macrophages can sequester pathogens in the liver (Jenne and Kubes, 2013), treatment
of mice with CLL resulted in depletion of F4/80" liver macrophages (Figure 2E, Figure 2—figure
supplement 1 and Figure 2—figure supplement 2) but had minimal impact on CD11c* DCs (Fig-
ure 2—figure supplement 2), suggesting macrophages are responsible for alphavirus clearance.
Collectively, these data suggest that Kupffer cells (KCs), the tissue resident macrophage population
in the liver (Jenne and Kubes, 2013), clear alphavirus particles from the circulation.

The scavenger receptor MARCO is essential for the clearance of
circulating alphavirus particles

Clearance of circulating bacteria and other particles from the circulation often involves opsonins
such as antibodies and complement component 3 (C3) (Guilliams et al., 2014; Kubes and Jenne,
2018; van Lookeren Campagne et al., 2007). However, CHIKV and RRV particles were efficiently
cleared from the circulation of C3” (Figure 3A) and B cell deficient uMT mice (Figure 3B), which
lack C3 and circulating IgM and IgG, respectively (Kitamura et al., 1991, Wessels et al., 1995).
These data suggest that clearance of circulating alphavirus particles is independent of receptors for
fragments of C3 and of Fc receptors. Scavenger receptors (SRs) are a large family of transmembrane
proteins that capture and eliminate a broad range of endogenous and microbial ligands via non-
opsonic mechanisms (Canton et al., 2013; Mukhopadhyay and Gordon, 2004). To test the hypoth-
esis that one or more SRs mediate clearance of alphavirus particles from the circulation, 5 min prior
to inoculation of virus, mice were pre-treated i.v. with the polyanionic SR competitive inhibitor poly
(), or poly(C), a polyanion that is not a competitive inhibitor of SRs (Pearson et al., 1993). Similar to
pretreatment with CLL, poly(l) pretreatment potently inhibited the clearance of circulating CHIKV
and RRV particles (Figure 3C). Similar results were observed following pretreatment of mice with
dextran sulfate (DS), another SR ligand (Platt and Gordon, 1998) (Figure 3D). To identify SRs that
are expressed by KCs, we mined publicly available single-cell transcriptomic data of the mouse liver
(Tabula Muris Consortium et al., 2018), and found SR-A1 (MSR1), SR-A6 (MARCO), SR-B1
(SCARB1), SR-B2 (CD36), and SR-11 (CD163) mRNAs to be robustly expressed in KCs (Figure 3—fig-
ure supplement 1). Of these, only SR-A1 and MARCO are known to bind poly(l) and DS
(Chen et al., 2006; Platt and Gordon, 1998). To investigate the relative contributions of SR-A1 and
MARCO, CHIKV clearance was evaluated in SR-A17" and MARCO™" mice. CHIKV particles were effi-
ciently cleared from the circulation of SR-A1”" mice, and this clearance was inhibited by pre-treat-
ment of SR-A17" mice with poly(l) (Figure 3E), indicating that CHIKV clearance was still occurring
through a SR-dependent mechanism. In contrast, CHIKV particles remained readily detectable in the
serum of MARCO”" mice at 45 min post-inoculation (Figure 3F). Moreover, whereas pretreatment
with CLL blocked clearance of circulating CHIKV particles in WT mice, this treatment had no effect
on the level of CHIKV in the circulation of MARCO™" mice (Figure 3G). Furthermore, CHIKV RNA
was detectable by in situ hybridization in the liver of PLL-treated WT mice, but not in the liver of
PLL-treated MARCO™" mice or CLL-treated WT and MARCO™" mice (Figure 3H). Despite the viro-
logical differences in the circulation and liver of PLL-treated WT and MARCO™ mice, these mice had
a similar number of KCs in the liver (Figure 3I). Finally, both WT and MARCO™" KCs were efficiently
depleted by CLL (Figure 3H and I), suggesting that MARCO™" KCs retain phagocytic capacity. Col-
lectively, these findings demonstrate that MARCO is essential for clearance of CHIKV particles from
the circulation.

CHIKV E2 K200R evades phagocytic cell-mediated clearance

We next investigated which viral features promote clearance of alphaviral particles from the circula-
tion. In prior studies, DENV and West Nile virus (WNV) clearance from the circulation of mice was
found to be influenced by N-linked glycans on viral envelope glycoproteins (Fuchs et al., 2010).
CHIKV E2 is predicted to be glycosylated at N345, N263 and N273 (Metz et al., 2011; Voss et al.,
2010). N345 is located in the E2 stem near the transmembrane domain, making it unlikely that gly-
cans at this position mediate interactions with MARCO (Voss et al., 2010). To investigate if the
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Figure 3. The scavenger receptor MARCO is required for clearance of CHIKV and RRV. (A) WT or C37" C57BL/6 mice were inoculated i.v. with the
indicated virus, and viral genomes in the inoculum (input) and serum at 45 min post-inoculation were determined by RT-qPCR. Mean + SD. N = 6-8,

two experiments. Mann-Whitney test; p>0.05. (B) WT or uMT C57BL/6 mice were inoculated i.v. with the indicated virus, and analyzed as in (A).

Mean + SD. N = 7-8, two experiments. Mann-Whitney test; p>0.05. (C) WT C57BL/6 mice were treated i.v. with 200 pg of poly(l) or poly(C) 5 min prior

Figure 3 continued on next page

Carpentier et al. eLife 2019;8:e49163. DOI: https://doi.org/10.7554/eLife.49163

6 of 26


https://doi.org/10.7554/eLife.49163

LI FE Research article Microbiology and Infectious Disease

Figure 3 continued

to inoculation with the indicated virus. Viral genomes in the serum at 45 min post-inoculation were quantified by RT-gPCR. Mean + SD. N = 6-7, two
experiments. Mann-Whitney test or Two-tailed unpaired t-test; **p<0.01, ***p<0.001. (D) WT C57BL/6 mice were treated i.v. with 200 ug of dextran or
dextran sulfate 5 min prior to inoculation with the indicated virus, and analyzed as in (C). Mean + SD. N = 7-8, two experiments. Mann-Whitney test or
Two-tailed unpaired t-test; ***p<0.001. (E) SR-A17" mice were treated, incoculated, and evaluated as in (C). Mean = SD. N = 5-6, two experiments.
Mann-Whitney test; **p<0.01. (F) WT or MARCO™- C57BL/6 mice were inoculated and evaluated as in (A). Mean + SD. N = 8-11, two experiments.
Mann-Whitney test; ****p<0.0001. (G-I) WT and MARCO™- C57BL/6 mice were treated i.v. with PBS- (PLL) or clodronate-loaded liposomes (CLL). At 42
hr post-treatment, mice were inoculated i.v. with CHIKV. (G) Viral genomes in the inoculum (input) and serum at 45 min post-inoculation were quantified
by RT-gPCR. Mean + SD. N = 3-4. One-way ANOVA with Tukey’s multiple comparisons test; *p<0.05, **p<0.01, ****p<0.0001. (H) Livers were collected
at 45 min post-inoculation, and RNA Scope in situ hybridization or IHC were performed to visualize viral RNA localization or F4/80" macrophages,
respectively. Brown staining is indicative of viral RNA or F4/80" macrophages. (I) F4/80 positive cells in 10 randomly selected high power fields (HPF)
per section were counted in a blinded manner and used to calculate the average number of F4/80 positive cells per field. Mean + SD. N = 3-4. One-
way ANOVA with Tukey’s multiple comparisons test; ****p<0.0001. Figure 3—figure supplement 1 shows the mRNA expression of various scavenger
receptors in murine liver cell subsets.

DOI: https://doi.org/10.7554/eLife.49163.010

The following source data and figure supplement are available for figure 3:

Source data 1. Raw data for Figure 3A-G, I.

DOI: https://doi.org/10.7554/eLife.49163.012

Figure supplement 1. Expression of various scavenger receptors by murine liver cell subsets.

DOI: https://doi.org/10.7554/eLife.49163.011

more surface exposed glycosylation sites influenced clearance, we introduced asparagine to gluta-
mine mutations at N263 and N273 to disrupt glycosylation. Mutation of positions N263 or N273
alone, or in combination, had no effect on the clearance of CHIKV particles from the circulation (Fig-
ure 4—figure supplement 1), demonstrating that clearance of CHIKV particles does not rely on gly-
cosylation at these sites.

Previously, we identified a mutation in the CHIKV E2 glycoprotein (E2 K200R) in virus persistently
circulating in Rag1”" mice (Hawman et al., 2017). This mutation enhanced CHIKV dissemination in
mice following subcutaneous inoculation and caused more severe disease outcomes. These effects
were associated with a strongly elevated viremia. Having identified an important role for phagocytic
cells and MARCO in the clearance of CHIKV particles from the circulation, we hypothesized that the
E2 K200R mutation allows for viral escape from phagocytic cell-mediated clearance. Indeed, unlike
WT CHIKV, which is efficiently cleared from the circulation, CHIKV E2 K200R particles remained sta-
bly detectable in the serum for at least 1 hr post-inoculation (Figure 4A). Importantly, the differential
clearance was not dependent on the cell type from which the viral particles were derived, as differ-
ential clearance of WT and E2 K200R CHIKV particles was maintained when virions were derived
from human fibroblasts, a clinically relevant cell type (Couderc et al., 2008) (Figure 4B). The E2
K200R mutation did not impact the stability of viral particles in serum, demonstrating that this effect
was not due to differential stability of WT and E2 K200R CHIKV particles (Figure 4—figure supple-
ment 2A). Moreover, the levels of E2 K200R CHIKV particles in control PLL-treated mice were indis-
tinguishable from WT and E2 K200R CHIKV particles in the circulation of mice pre-treated with CLL
(Figure 4C), demonstrating that CHIKV E2 K200R allows for evasion of phagocytic cell-mediated
clearance. The ability of E2 K200R to evade this response was not limited to WT C57BL/6J mice
(Figure 4C), as evasion of clearance also was observed in 12951/SvimJ, and BALB/cJ mouse strains
(Figure 4—figure supplement 2B).

To test if the effects of the E2 K200R mutation were unique to the CHIKV strain tested (AF15561;
Asian genotype) or functioned within broader viral genetic contexts, we introduced an E2 K200R
mutation into the genome of CHIKV strains representative of all phylogenetic lineages: Asian-Ameri-
can (strain 99659; Jones et al., 2017, Lanciotti and Valadere, 2014), East, Central, South African
(strain SL15649; Morrison et al., 2011), and West African (strain 37997; Tsetsarkin et al., 2006;
Vanlandingham et al., 2005a). In addition, we introduced an E2 K200R mutation into the genome
of the SG650 strain of ONNV (Lanciotti et al., 1998). Similar to CHIKV AF15561, all WT strains of
CHIKV and ONNV were cleared from the circulation at 45 min post-inoculation, whereas the levels
of all E2 K200R mutant particles were substantially higher (Figure 4D). These results demonstrate
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Figure 4. CHIKV E2 K200R evades phagocytic cell-mediated clearance. (A) WT C57BL/6 mice were inoculated i.v. with CHIKV or CHIKV E2 K200R, and
viral genomes in the inoculum and serum at the indicated times post-inoculation were evaluated by RT-gPCR. Mean + SD. N = 6 per time point, two
experiments. Two-way ANOVA with Bonferroni's correction; ****p<0.0001. (B) WT C57BL/6 mice were inoculated with human fibroblast-derived CHIKV
or CHIKV E2 K200R, and viral genomes in the inoculum and in the serum at 45 min post-inoculation were quantified by RT-gPCR. Mean + SD. N = 6,
two experiments. Two-tailed, unpaired t-test; ****p<0.0001. (C) WT C57BL/6 mice were treated i.v. with PBS liposomes or clodronate liposomes 42 hr
prior to i.v. inoculation with CHIKV or CHIKV E2 K200R. Viral genomes in the inoculum and serum at 45 min post-inoculation were determined by RT-
gPCR. Mean + SD. N = 8, two experiments. Kruskal-Wallis; **p<0.01, ***p<0.001 (D) WT C57BL/é mice were inoculated i.v. with the indicated viruses,
and viral genomes in the inoculum and in the serum at 45 min post-inoculation were quantified by RT-gPCR (99659, SL15649), focus forming assay
(37997), or plaque assay (ONNV SG650). Mean + SD. N = 3, one experiment. Mann-Whitney test; p>0.05. Figure 4—figure supplement 1 shows that
mutation of E2 glycosylation sites does not influence CHIKV clearance from the circulation. Figure 4—figure supplement 2 shows that the E2 K200R
mutation does not alter the thermostability of CHIKV particles in serum (A), and that the E2 K200R mutation allows CHIKV particles to evade clearance
from the circulation in multiple distinct mouse strains (B).

DOI: https://doi.org/10.7554/eLife.49163.013

The following source data and figure supplements are available for figure 4:

Source data 1. Raw data for Figure 4A-D.

DOI: https://doi.org/10.7554/eLife.49163.016

Figure supplement 1. Mutation of putative CHIKV glycosylation sites has no impact on viral clearance from the circulation.
DOI: https://doi.org/10.7554/elife.49163.014

Figure supplement 2. CHIKV E2 K200R does not impact virus stability and evades clearance in multiple mouse strains.
DOI: https://doi.org/10.7554/eLife.49163.015

that an E2 K200R mutation broadly facilitates evasion of phagocytic-cell mediated clearance in multi-
ple CHIKV strains, as well as the related ONNV.

An E2 K200R mutation or deletion of MARCO allows for enhanced
viremia and more rapid viral dissemination

To evaluate if phagocytic-cell mediated clearance of blood-borne virus has implications following a
more natural route of infection, we inoculated mice subcutaneously with WT or E2 K200R viruses
and evaluated viral burdens in various tissues at 1 d post-inoculation. Viral burdens in the serum
were significantly higher in mice inoculated with E2 K200R strains (Figure 5A), indicating that
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Figure 5. An E2 K200R mutation or deletion of MARCO allows for enhanced viremia and more rapid viral dissemination. (A) WT C57BL/6 mice were
inoculated in the left footpad with 1,000 PFU of the indicated virus. At 24 hpi, infectious virus in the ipsilateral left ankle, contralateral right ankle, and
serum were quantified by focus formation assay (CHIKV) or plague assay (ONNV). Mean + SD. N = 5-10, two experiments. Mann-Whitney test;
**p<0.01, ****p<0.0001. (B) WT or MARCO™" C57BL/6 mice were inoculated as in (A) with CHIKV or CHIKV E2 K200R. At 24 hpi, infectious virus in the
ipsilateral left ankle, contralateral right ankle, right quadriceps, and serum were quantified by focus formation assay. Mean + SD. N = 9, two
experiments. Kruskal-Wallis or One-way ANOVA; **p<0.01, ***p<0.001, ****p<0.0001.

DOI: https://doi.org/10.7554/eLife.49163.017

The following source data is available for figure 5:

Source data 1. Raw data for Figure 5A-B.
DOI: https://doi.org/10.7554/eLife.49163.018

phagocytic cell-mediated clearance is an important immune mechanism to control viremia following
subcutaneous inoculation. Moreover, although viral burdens were similar in tissues proximal to the
site of inoculation (i.e, the L. ankle), significantly elevated levels of virus were detected in the contra-
lateral right ankle of mice infected with E2 K200R strains (Figure 5A), demonstrating that this muta-

tion facilitates more rapid viral dissemination.
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To investigate if expression of MARCO also influences viremia and viral dissemination following
subcutaneous inoculation of virus, we inoculated MARCO™" mice subcutaneously with WT CHIKV
and evaluated viral burdens at 1 d post-inoculation. Similar to infection of WT mice with CHIKV E2
K200R, infection of MARCO™" mice with WT CHIKV resulted in an elevated viremia and more rapid
viral dissemination to distal sites including the right ankle and quadriceps compared with infection of
WT mice (Figure 5B). Collectively, these findings indicate that MARCO-dependent clearance of cir-
culating CHIKV particles controls viremia and impedes viral dissemination.

CHIKV E2 K200R does not impact vector competence or viral fitness in
mosquitoes

As arboviruses, alphaviruses must maintain efficient replication in both vertebrate hosts and mos-
quito vectors. Given this, we evaluated whether the E2 K200R mutation influenced viral replication
and/or dissemination in Ae. aegypti mosquitoes. Following blood-feeding inoculation of mosquitoes,
similar levels of WT CHIKV and E2 K200R were detected in the bodies, legs and saliva of infected
mosquitoes at 3 d post-infection, suggesting that in contrast to mice, the E2 K200R mutation had no
impact on viral dissemination in mosquitoes (Figure 6A). To more rigorously test if this mutation
affects viral fitness in mosquitoes, we performed in vitro and in vivo competition experiments with a
WT CHIKV strain genetically marked with an Apal restriction site (CHIKV-Apal). Control 1:1 competi-
tions of CHIKV and CHIKV-Apal in C6/36 cells (Figure 6B) and microinjected Ae. Aegypti mosqui-
toes (Figure 6C and D) demonstrated that the genetic marker does not influence viral fitness.
Similar results were observed following direct 1:1 competition of CHIKV and CHIKV E2 K200R,
(Figure 6B, C and D), suggesting that the E2 K200R mutation has no selective disadvantage to WT
virus in the mosquito vector. Collectively, these findings suggest that while the E2 K200R mutation
dramatically influences CHIKV dissemination in the vertebrate host, it is neutral in the mosquito
vector.

RRV clearance from the circulation is mediated by a distinct lysine
residue, E2 K251

The critical lysine at position E2 200 of CHIKV and ONNYV is not conserved within RRV strains, which
led us to investigate viral features that promote clearance of circulating RRV particles. In addition to
RRV strain SN11 (Figure 1C), a 2009 clinical isolate (Liu et al., 2011), we found that RRV strain
DC5692 (Jupille et al., 2011; Lindsay, 1996) also was efficiently cleared from the circulation by
phagocytic cells (Figure 7A). In contrast, RRV strain T48 (Doherty and Whitehead, 1963) was resis-
tant to clearance, and clearance was relatively unaffected by prior depletion of phagocytic cells
(Figure 7A). Through chimeric virus analysis of DC5692 and T48 strains, we mapped the genetic
determinant of RRV susceptibility to clearance to a region of the genome encoding a portion of cap-
sid, E3 and E2 (Figure 7—figure supplement 1A). Within the E2 glycoprotein, the T48 and DC5692
RRV strains differ by only six amino acids (Figure 7B). Remarkably, mutating position E2 251 of T48
from arginine to lysine (R251K) was sufficient to make this strain more susceptible to clearance, while
the corresponding K251R mutation in DC5692 conferred resistance to clearance (Figure 7B). More-
over, sequencing analysis confirmed the presence of a lysine at E2 251 in RRV strain SN11. The
R251K mutation had no impact on the stability of RRV T48 in serum (Figure 7—figure supplement
1B). In addition, inoculation of purified viral particles generated in serum free media maintained the
differential clearance of T48 and T48 E2 R251K, indicating that viral clearance is not mediated by fac-
tors in fetal bovine serum (Figure 7—figure supplement 1C). Collectively, these findings demon-
strate that, in three independent alphaviruses, lysine to arginine mutations at distinct sites in the E2
glycoprotein (Figure 7C) allow for viral escape from phagocytic cell-mediated clearance.

Lysine residues at E2 200 or E2 251 are essential for CHIKV and RRV
clearance, respectively

The impact of lysine to arginine mutations was surprising as this is a conservative amino acid substi-
tution. To further map biochemical features of amino acid side chains that associate with efficient
viral clearance by phagocytic cells, we introduced a variety of amino acid substitutions at CHIKV E2
200. The amino acid panel was designed to evaluate positively charged (K, R, H), negatively charged
(D), hydrophobic (A, L), and polar, uncharged (Q, S) amino acids (Figure 8A). In addition, the amino
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Figure 6. CHIKV E2 K200R has no impact on vector competence or viral fitness in mosquitoes. (A) Ae. aegypti mosquitoes were fed a blood meal
containing 1.1 x 10° PFU/mL of CHIKV or CHIKV E2 K200R, and the head, legs, and saliva were collected at three dpi. Samples initially found to be
positive for virus were evaluated by focus formation assay to quantify infectious virus. Mean + SD. N = 50, one experiment. Mann-Whitney test; p>0.05.
(B) Ae. albopictus C6/36 cells were infected in triplicate at an MOI of 1 PFU/cell with a 1:1 mixture of CHIKV marked with an Apal restriction site
(CHIKV-Apal) and WT CHIKV or CHIKV E2 K200R, and 1/10" of the supernatant was serially passaged onto new C6/36 cells every 24 hr. RNA was
extracted from the inoculum and supernatant of passage 5, cDNA was generated, and PCR amplified. Digestion of the PCR product was used to
identify ratios of Apal marked to unmarked virus, and the percent band intensity is displayed. Mean = SD. N = 3, one experiment. (C and D) Ae. aegypti
mosquitoes were microinjected with 138 PFU of 1:1 mixtures of CHIKV-Apal and CHIKV, or CHIKV-Apal and CHIKV E2 K200R. Bodies (C) and saliva (D)
were collected at seven dpi. Ratios of each virus present in the input and in samples at day seven were evaluated as described in (B). Mean + SD.

N = 20, one experiment. Two-way ANOVA with Bonferroni's correction; p>0.05 for all comparisons.
DOI: https://doi.org/10.7554/eLife.49163.019

The following source data is available for figure 6é:

Source data 1. Raw data for Figure 6A-D.

DOI: https://doi.org/10.7554/eLife.49163.020

acids selected varied in side chain length (Figure 8A). Remarkably, all substitutions tested prevented
efficient clearance of circulating CHIKV particles following i.v. inoculation (Figure 8B). Moreover, a
subset of these mutations was introduced at position E2 251 of RRV, and again all substitutions
away from lysine allowed for RRV escape from phagocytic cell-mediated clearance (Figure 8C).
These findings suggest that clearance of these alphavirus particles from the circulation is strictly
dependent on the presence of a lysine residue at E2 200 (CHIKV) or E2 251 (RRV). The critical lysine
residue that mediates clearance in RRV (E2 K251) is conserved in CHIKV (E2 K252). To investigate if
this lysine residue also contributes to CHIKV clearance, we introduced an E2 K252R mutation. How-
ever, we found that CHIKV E2 K252R remained susceptible to clearance by phagocytic cells
(Figure 8D), suggesting that, in contrast to RRV, a lysine at this position in E2 is not required for
CHIKV clearance. Collectively, these findings demonstrate that specific lysine residues in the E2 gly-
coproteins of CHIKV, ONNV, and RRV facilitate phagocytic cell-mediated clearance of viral particles
from the circulation of a vertebrate host.
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Figure 7. RRV clearance from the circulation is mediated by a distinct lysine residue, E2 K251. (A) WT C57BL/6 mice were treated i.v. with PLL or CLL 42
hr prior to i.v. inoculation with RRV strains T48 or DC5692. Viral genomes in the inoculum and in the serum at 45 min post-inoculation were quantified
by RT-gPCR. Mean + SD. N = 6, two experiments. Two-tailed unpaired t-test; **p<0.01, ****p<0.0001. (B) Schematic representation of the six amino
acid differences between T48 and DC5649 within E2 shown, with position 251 underlined. WT C57BL/6 mice were inoculated i.v. with the indicated
viruses and mutants. Viral genomes in inoculum and in the serum at 45 min post-inoculation were quantified as in (A). Mean + SD. N = 6, two
experiments. Kruskal-Wallis; **p<0.01. (C) CHIKV trimeric spike (PDB 3J2W), with E2 K200 highlighted in green, and E2 K251 (RRV numbering)
highlighted in yellow. The E1 glycoprotein is shown in gray, E2 domain A is shown in blue, E2 domain B is shown in orange, E2 domain C is shown in
red, and the B-ribbon connector is shown in light blue. Figure 7—figure supplement 1 shows evaluation of the clearance of RRV T48 and RRV DC5692
structural gene chimeras (A), demonstrates that the E2 K251R mutation does not alter the thermostability of RRV particles in serum (B), and that the
clearance phenotypes of RRV T48 and RRV T48 E2 R251K viral particles are maintained when purified viral particles are used for mouse inoculation
studies (C).

DOI: https://doi.org/10.7554/eLife.49163.021

The following source data and figure supplement are available for figure 7:

Source data 1. Raw data for Figure 7A-C.

DOI: https://doi.org/10.7554/elife.49163.023
Figure supplement 1. Chimeric analysis of T48 and DC5692, stability of T48 versus T48 E2 R251K, and serum clearance of purified viral particles.

DOI: https://doi.org/10.7554/elife.49163.022

Discussion

Our findings reveal a previously uncharacterized innate immune pathway that rapidly clears a num-
ber of distinct alphavirus particles from the circulation. While liver KCs have been implicated as a
critical innate defense against blood-borne bacterial pathogens (Jenne and Kubes, 2013,
Krenkel and Tacke, 2017; Kubes and Jenne, 2018), this work expands their role to additionally
serve as sentinels for circulating CHIKV, ONNV, and RRV. Mechanistically, this innate clearance path-
way occurs independently of opsonization with natural antibody or fragments of C3, and instead is
mediated by the scavenger receptor MARCO. While our data suggest that KCs in the liver are pri-
marily responsible for clearance of these alphavirus particles from the circulation, MARCO is known
to be expressed by other macrophage populations exposed to the blood, including MZM in the
spleen (Borges da Silva et al., 2015). Although we found that the spleen is not necessary for the
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Figure 8. Lysine residues at E2 200 or E2 251 are essential for CHIKV and RRV clearance, respectively. (A) Properties of the amino acid side chains
selected for substitution analysis at E2 K200 or K251. Amino acid structures generated using PepDraw. (B) WT C57BL/6 mice were inoculated i.v. with a
panel of CHIKV mutants with different amino acid substitutions at position E2 200. Viral genomes in the inoculum and in the serum at 45 min post-
inoculation were quantified by RT-gPCR. Mean + SD. N = 4, one experiment. Kruskal-Wallis, comparing each group to WT virus containing K;
***%5<0.001. (C) WT C57BL/6 mice were inoculated i.v. with a panel of RRV mutants with different amino acid substitutions at position E2 251. Viral
genomes in the inoculum and in the serum at 45 min post-inoculation were quantified by RT-qPCR. Mean + SD. N = 4, one experiment. One-way
ANOVA, comparing each group to virus containing K; ****p<0.0001. (D) WT C57BL/6 mice were inoculated i.v. with CHIKV or CHIKV E2 K252R, and
viral genomes in inoculum and in the serum at 45 min post-inoculation were quantified by RT-gPCR. Mean + SD. N = 8, two experiments. Mann-
Whitney test; p>0.05.

DOI: https://doi.org/10.7554/elife.49163.024

The following source data is available for figure 8:

Source data 1. Raw data for Figure 8B-D.
DOI: https://doi.org/10.7554/elife.49163.025

clearance of circulating CHIKV particles, it remains possible that MZM contribute to the clearance of
this group of alphaviruses in intact mice. Further work is needed to evaluate whether KCs are
required for the clearance of circulating CHIKV, ONNV, and RRV particles, or whether other macro-
phage populations can compensate in their absence.
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Beyond the antiviral antibody response, the virus-host interactions that determine the magnitude
and duration of vertebrate viremia following an arbovirus infection are poorly understood. In some
cases, alphavirus particles interact directly with glycosaminoglycans (GAGs), such as heparan sulfate
(Bernard et al., 2000; Byrnes and Griffin, 1998, Gardner et al., 2011, Heil et al., 2001,
Klimstra et al., 1998; Smit et al., 2002), that are ubiquitously found on the surface of mammalian
cells. Following serial passage in cell culture, alphaviruses frequently acquire adaptive mutations that
enhance interactions between viral particles and GAGs. (Bernard et al., 2000; Byrnes and Griffin,
1998; Heil et al., 2001; Klimstra et al., 1998; Silva et al., 2014). Alphaviruses that have acquired
enhanced in vitro GAG binding are rapidly cleared from the circulation of mice (Bernard et al.,
2000; Byrnes and Griffin, 2000), suggesting that virion-GAG interactions are one mechanism that
can determine the magnitude and duration of arboviral viremia. However, the extent to which spe-
cific GAGs contribute to clearance of circulating alphavirus particles has not been defined in vivo.
Beyond GAGs, previous work demonstrated that opsonization of DENV particles by mannose bind-
ing lectin (MBL), which can neutralize particles via a C3-dependent mechanism, accelerated their
clearance from the circulation of mice (Fuchs et al., 2010). However, we found that the innate clear-
ance of circulating CHIKV and RRV was maintained in mice lacking C3 and in mice lacking antibodies,
suggesting that the clearance of these circulating alphavirus particles occurs through a non-opsonic
mechanism.

SRs are expressed on a variety of tissue resident macrophage populations, including those in the
liver and spleen that surveil the blood (Kubes and Jenne, 2018; Lewis et al., 2019). SRs mediate
non-opsonic clearance of a variety of circulating self and non-self molecules due to their capacity to
recognize a diverse range of ligands, including modified endogenous proteins or lipoproteins, as
well as bacterial surface proteins, lipopolysaccharide (LPS), and lipotechoic acid (LTA)
(Areschoug and Gordon, 2009; Canton et al., 2013). We found that the clearance of circulating
CHIKV and RRV particles was inhibited by pre-treatment of mice with the SR competitive inhibitors
poly(l) and dextran sulfate (Platt and Gordon, 1998), supporting a role for SRs in clearance of these
alphaviruses from the circulation. Poly(l) and dextran sulfate are known ligands for the class A scav-
enger receptors SR-A1 and MARCO (Chen et al., 2006; Platt and Gordon, 1998), both of which
are transcriptionally expressed in liver KCs (Tabula Muris Consortium et al., 2018). SR-A1 and
MARCO play a prominent role in host defense by functioning as phagocytic receptors for multiple
bacterial pathogens. For example, mice deficient in SR-A1 are more susceptible to infection with L.
monocytogenes, S. aureus, S. pneumonia and N. meningitides, and MARCO™" mice have enhanced
sensitivity to infection with S. pneumonia (Areschoug and Gordon, 2009). However, less is known
about the role of class A scavenger receptors during viral infections. SR-A1 has a protective role dur-
ing systemic herpes simplex virus type 1 (HSV-1) infection of mice (Suzuki et al., 1997), and HSV-1
can utilize MARCO for attachment and entry into epithelial cells (MacLeod et al., 2013). Similarly,
vaccinia virus (VacV) binding to MARCO on keratinocytes enhances infection of these cells in vitro
(MacLeod et al., 2015). MARCO also mediates transduction of macrophages by adenovirus in vitro,
and appears to promote innate immune responses to the infection (Maler et al., 2017), suggesting
that MARCO-virus interactions can regulate host cell responses to infection. Our studies in SR-A1”"
and MARCO™" mice identified critical roles for MARCO in the efficient clearance of circulating CHIKV
particles and for limiting viral dissemination and the magnitude and duration of viremia, suggesting
that MARCO may limit disease severity following CHIKV infection.

Beyond identification of the cell type and specific receptor involved in the clearance of alphavirus
particles from the circulation, we also defined viral features that facilitate host recognition and clear-
ance of viral particles by phagocytic cells. N-linked glycosylation of DENV and WNV glycoproteins
was previously found to influence clearance of these viral particles from the circulation of mice
(Fuchs et al., 2010). However, we found that mutation of the predicted surface-exposed CHIKV E2
glycosylation sites had no impact on the clearance of CHIKV particles from the circulation, suggest-
ing that clearance occurs independent of E2 glycosylation. To define the viral features that mediated
clearance of circulating alphavirus particles, we identified CHIKV and RRV strains that evade phago-
cytic cell-mediated clearance. CHIKV E2 K200R was isolated from the serum of a Rag1”" mouse
chronically infected with an Asian genotype CHIKV strain (Hawman et al., 2017), suggesting that
this mutation arose as a mechanism to evade phagocytic cell-mediated clearance from the circula-
tion. Introduction of an E2 K200R mutation into CHIKV strains representative of the Asian-American,
ECSA, and West African CHIKV clades also facilitated escape of viral particles from phagocytic cell-
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mediated clearance and enhanced viral dissemination following subcutaneous inoculation. Moreover,
E2 K200 is conserved in the closely related alphavirus ONNV, and introduction of an E2 K200R muta-
tion in this independent alphavirus species also allowed for escape from clearance from the circula-
tion. Collectively, these data demonstrate that an E2 K200R mutation can function in a variety of
distinct genetic backgrounds to facilitate escape of circulating alphavirus particles from MARCO-
dependent clearance. While we found that circulating RRV particles also are susceptible to clearance
by phagocytic cells, RRV has an asparagine at E2 200, suggesting that a viral feature other than E2
K200 promotes the clearance of circulating RRV particles. Analysis of a panel of RRV strains revealed
that the RRV T48 strain, in contrast to strains SN11 and DC5692, was relatively resistant to clearance
by phagocytic cells. Through chimeric and mutational analysis of susceptible (DC5692) and resistant
(T48) RRV strains, we discovered that a lysine residue at E2 251 is essential for efficient clearance of
RRV particles from the circulation. Thus, discrete lysine residues in the E2 glycoprotein of three inde-
pendent alphaviruses promote their efficient clearance from the circulation.

We were surprised that single lysine to arginine mutations at discrete sites in E2 allowed circulat-
ing alphavirus particles to escape from clearance by phagocytic cells, as the side chains of lysine and
arginine are both positively charged and similar in length. To more thoroughly evaluate biochemical
features of the residue at CHIKV E2 200 or RRV E2 251 that promote particle clearance or particle
escape from clearance, we generated panels of CHIKV and RRV strains encoding amino acids at
positions E2 200 or 251 with positively-charged, negatively-charged, hydrophobic, or polar
uncharged side chains. Moreover, this panel of amino acids also had a wide variety of side chain
lengths and structures. Remarkably, with the exception of lysine, all amino acid substitutions at
CHIKV E2 200 or RRV E2 251 allowed for evasion of clearance from the circulation. These findings
suggest that a lysine residue at CHIKV E2 200 or RRV E2 251 is essential for MARCO-dependent
clearance of circulating viral particles. Taken together, these observations suggest that these lysine
residues may be post-translationally modified to facilitate capture and clearance of circulating alpha-
virus particles. A number of observations from this study and previously published studies support
this idea, including (1) an E2 K200R mutation functions in a variety of distinct genetic backgrounds
to facilitate escape of circulating CHIKV and ONNV particles from MARCO-dependent clearance; (2)
a lysine residue at a distinct site in RRV E2 is essential for phagocytic-cell mediated clearance of cir-
culating RRV particles; (3) while the lysine that mediates RRV clearance is conserved in CHIKV, mutat-
ing this lysine has no impact on clearance of circulating CHIKV particles; (4) lysine is frequently post-
translationally modified, and can be modified with a diverse range of post-translational modifications
(PTMs) (Azevedo and Saiardi, 2016); and (5) SRs were initially identified based on their capacity to
capture lysine acetylated low density lipoprotein (Platt and Gordon, 1998). However, whether spe-
cific features of unmodified lysine residues within particular structural contexts of E2, or post-transla-
tional modifications of these lysine residues, allow for alphavirus recognition by phagocytic cells
requires additional biochemical and structural analyses, and thus remains to be determined.

Despite the apparent benefit for the virus to encode an arginine or other amino acid at E2 200 or
251, lysine residues at CHIKV E2 200, ONNV E2 200, and RRV E2 251 are commonly found in virus
isolates. Analysis of E2 protein sequences in the ViPR database (Pickett et al., 2012) revealed that
1,333/1,335 CHIKV sequences encode a lysine at position E2 200 (2/1,335 encode an arginine), 8/8
ONNV sequences encode a lysine, and 187/204 available RRV sequences encode a lysine at position
E2 251, while the remaining 17 encode an arginine. One possible explanation for this conservation
could be that a lysine residue at this position provides a fitness advantage in the mosquito vector.
However, we found that CHIKV E2 K200R replication and dissemination was indistinguishable from
that of WT CHIKV in Ae. aegypti mosquitoes, and no selective disadvantage of an arginine residue
at this position was observed in direct competition experiments, suggesting that the conservation of
lysine at CHIKV E2 200 is not due to constraints in the mosquito vector. Alternatively, the susceptibil-
ity or resistance of circulating alphavirus particles to clearance may be influenced by polymorphisms
in SRs. Genes encoding SRs, including MARCO, exhibit substantial genetic variation in both humans
and mice (Bowdish and Gordon, 2009) and this variation can have functional consequences. For
example, position 252 of MARCO is known to be polymorphic in humans, and the less common vari-
ant has a decreased capacity to phagocytize bacteria in vitro (Novakowski et al., 2018). Consistent
with this, SNPs within human SRs associate with differential susceptibility to various pathogens
(Bowdish et al., 2013; High et al., 2016; Lao et al., 2017, Ma et al., 2011; Westhaus et al., 2017).
Following alphavirus infections, human patients exhibit a high degree of variability in peak viremia
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and disease severity (Chow et al., 2011, de St Maurice et al., 2018, Musso et al., 2017,
Thiberville et al., 2013; Vaughn et al., 2000; Waggoner et al., 2016). Given this, inter- or intra-
host variability within SRs may influence the susceptibility of alphaviruses to SR-dependent clearance
from the circulation, contributing to variability in viremia and disease outcomes. Similar species-spe-
cific effects have been observed with multiple pathogen recognition receptors (Daugherty and
Malik, 2012). Furthermore, MARCO is evolving under positive selection (Yap et al., 2015), a signa-
ture often associated with host-viral conflicts. Thus, circulating alphaviruses may have adapted to
their cognate hosts and can readily evade this defense mechanism in certain vertebrates, but the
MARCO allele in the mouse strains evaluated in this study allows these alphaviruses to be efficiently
cleared from the circulation. More work is needed to determine whether polymorphisms within or
between vertebrate species influence SR-dependent clearance of circulating alphaviruses.

The efficient clearance of alphaviruses from the circulation by phagocytic cells has important
implications for the course of infection. The CHIKV E2 K200R strain that escapes MARCO-dependent
clearance generates a higher viremia, disseminates to distal sites more rapidly, and causes more
severe disease outcomes in mice (Hawman et al., 2017). Analogously, infection of MARCO™" mice
with WT CHIKV also resulted in enhanced viremia and more rapid viral dissemination to distal sites,
suggesting that the E2 K200R mutation allows the virus to escape from MARCO-dependent clear-
ance. Consistent with our data, prior studies found that some strains of Venezuelan equine encepha-
litis virus accumulated in the liver following i.v. inoculation of hamsters (Jahrling and Gorelkin,
1975) and that depletion of phagocytic cells with clodronate liposomes resulted in a higher magni-
tude and duration of viremia following subcutaneous CHIKV infection of mice (Gardner et al.,
2010). Similarly, clodronate liposome depletion of phagocytic cells enhanced WNV viremia and dis-
ease severity in mice (Bryan et al., 2018), suggesting that phagocytic cell-mediated clearance of cir-
culating arboviruses has implications that span virus genera. Beyond disease outcomes, the
magnitude and duration of viremia also greatly influences transmission cycles. While some arbovi-
ruses, such as WNV and Japanese Encephalitis virus, are unable to generate a viremia of sufficient
magnitude in humans to infect a mosquito vector and propagate the transmission cycle
(Weaver, 2018), others like CHIKV, DENV, and Zika virus are readily amplified through human-mos-
quito-human cycles (Weaver, 2018). Susceptibility or resistance to clearance by liver macrophages,
other scavenging cell types such as liver sinusoidal endothelial cells, and SRs may contribute to
whether humans are dead-end hosts for an arbovirus or can fuel widespread epidemics.

Materials and methods
See Supplementary file 2 for Key Resources Table.

Ethics statement

This study was performed in strict accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health. All of the animals were handled
according to approved institutional animal care and use committee (IACUC) protocols (#00026) of
the University of Colorado School of Medicine (Assurance Number A3269-01). Experimental animals
were humanely euthanized at defined endpoints by exposure to isoflurane vapors followed by
thoracotomy.

Cells

Cell lines were obtained directly from ATCC. Vero cells (ATCC CCL81) were cultured in Dulbecco’s
Modified Eagle medium (DMEM)-F-12 (Life Technologies) supplemented with 10% fetal bovine
serum (FBS, Lonza), 1x nonessential amino acids (Life Technologies), sodium bicarbonate, 2 mM
L-glutamine, and penicillin-streptomycin. BHK-21 cells (ATCC CCL10) were cultured in a-minimum
essential medium (Life Technologies) supplemented with 10% FBS (Lonza), 10% tryptone phosphate
broth, and penicillin-streptomycin. Human dermal fibroblasts (ATCC PCS-201-012) were cultured in
high-glucose DMEM supplemented with 10% FBS and penicillin-streptomycin. C6/36 cells (ATCC
CRL-1660) were cultured in minimum essential medium with Earle’s salts (Life Technologies) supple-
mented with 5% FBS (Lonza) and penicillin-streptomycin. All mammalian cells were cultured at 37°C,
and C6/36 mosquito cells were incubated at 30°C. Cells tested negative for mycoplasma.
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Viruses

CHIKV strains used include Asian strain AF15561 (Ashbrook et al., 2014), Asian-American strain
99659 (Jones et al., 2017), ECSA stain SL15649 (Morrison et al., 2011), and WA strain 37997
(Vanlandingham et al., 2005b). All CHIKV stocks were derived from infectious cDNA clones by elec-
troporating RNA into BHK-21 cells, as previously described (Morrison et al., 2011), with the excep-
tion of virus used in Figure 4B, which was a propagated P1 stock of AF15561 generated in human
dermal fibroblasts. Unless otherwise noted, AF15561 was used as the representative CHIKV strain.
RRV strains used include SN11 (Liu et al., 2011), T48 (Doherty and Whitehead, 1963; Kuhn et al.,
1991), and DC5692 (Jupille et al., 2011; Lindsay, 1996). SN11 is a clinical isolate that was passed
1x on C6/36 cells before we propagated a stock in BHK-21 cells (Liu et al., 2011), while T48 and
DC5692 were derived from cDNA clones by electroporation of viral RNA into BHK-21 cells as previ-
ously described (Morrison et al., 2006). For some experiments (Figure 7—figure supplement 1C),
viral particles were propagated in serum free media and purified by centrifugation through a 20%
sucrose cushion at 24,000 x g for 6 hr. Unless otherwise noted, SN11 was used as the representative
RRV strain. ONNV SG650 was derived from a cDNA clone through electroporation into BHK-21 cells,
and propagated on BHK-21 cells for one passage to increase titer. Mutant variants used were
described previously, (AF15561 E2 K200R [Hawman et al., 2017]; T48-DC5692 E1/6K [RR73]
[Jupille et al., 2011], T48-DC5692 E2/E3 [RR100] [Jupille et al., 2011], and T48 E2 R251K
[Jupille et al., 2013]) or were generated through site-directed mutagenesis of cDNA clones. Mutant
virus stocks were sequenced to confirm the presence of introduced mutations. All viruses were
titered by plaque assay on BHK-21 cells or by RT-gPCR. The cDNA clone of CHIKV 99659 was a gift
from Mark Heise (University of North Carolina), the cDNA clones of CHIKV 37997 and ONNV SG650
were gifts from Stephen Higgs (Kansas State University), and RRV SN11 was a gift from John Aaskov
(Queensland University of Technology).

Site directed mutagenesis

Viral point mutants were constructed through site-directed mutagenesis (Agilent #200517) of cDNA
clones, using the primers provided in Supplementary file 1. A sequence verified fragment contain-
ing the desired mutation was then subcloned into the unmutagenized parental plasmid. For
AF15561 E2 K200 mutants, SL15649 E2 K200R, 99659 E2 K200R, and AF15561 glycosylation
mutants, subcloning was performed using restriction sites Xhol and Xmal. 37997 E2 K200R was not
subcloned, but the E2 gene was sequence verified to only contain the K200R mutation. For ONNV
E2 K200R, BstBl and BamHI were used for subcloning. RRV DC6592 E2 K251R was subcloned using
site PspOMI and Xmal. RRV T48 mutants E2 R251A, E2 R251D, E2 R251Q, and E2 R251S were not
subcloned, but the E2 gene was sequence verified to only contain the specified E2 251 mutation.

Mouse experiments

BALB/cJ, 129S1/SvimJ, C57BL/6J, sham or splenectomized C57BL/6J, and congenic uMT
(Kitamura et al., 1991), C37 (Wessels et al., 1995), and SR-A17" (Suzuki et al., 1997) mice were
obtained from The Jackson Laboratory. MARCO™" mice (Arredouani et al., 2004) were provided by
Dawn Bowdish (McMaster University). All experiments were performed in 3-4 week-old mice, except
those involving sham or splenectomized mice, which were 6 weeks-old at the time of virus inocula-
tion. All WT mice used were male, with the exception of Figure 2C, where five mice were female.
WT mice were purchased commercially and were age-matched, and distributed randomly across
groups. For mouse strains bred in house (UMT, C37, SR-A17", MARCO™), mice were distributed ran-
domly into groups containing approximately equal division of the sexes. All experiments were per-
formed under Biosafety level 2 or 3 conditions, as appropriate. Masking was not used. Phagocytic
cell depletions were achieved by inoculating mice i.v. with 100 ul/10 g body weight of PBS- or clodr-
onate-loaded liposomes (Clodronateliposomes.org) 42 hr prior to inoculation with virus. For clear-
ance blockade experiments, mice were treated i.v. with 200 pug of poly(l) or poly(C) (Sigma 26936-
41-4 and 26936-40-3) or 200 pg of dextran or dextran sulfate (Sigma 31392 and D6001) 5 min prior
to inoculation with virus. For serum clearance experiments, mice were inoculated i.v. with a defined
number of particles (CHIKV and RRV: 107 or 108 viral genomes depending on experiment; ONNV:
10° PFU) diluted in a total volume of 100-200 ul of diluent (PBS with 1% FBS). Viral inoculum was
reserved to quantify input genomes. At the time of termination, mice were euthanized through
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inhalation of isoflurane vapors, followed by thoracotomy, and serum was collected. In some experi-
ments, mice were then perfused by intracardiac injection of PBS prior to collecting the indicated tis-
sues in RPMI for flow cytometry or in TRIzol Reagent (Life Technologies) for RNA analysis. Tissues for
RNA analysis were first homogenized with a MagNA Lyser (Roche). For viral dissemination experi-
ments, mice were inoculated in the left rear footpad with 10 pl containing 10® PFU of virus diluted in
PBS with 1% FBS. At 24 hpi, mice were euthanized and blood was collected. Mice were then per-
fused by intracardiac injection of PBS, and the indicated tissues were collected in in vitro diluent
(PBS with 1% FBS, 1x Ca?", and 1x Mg?*) and homogenized with a MagNA Lyser (Roche) for analy-
sis by focus formation assay or plaque assay.

RT-qPCR genome quantification

To quantify viral genomes, RNA was isolated from 20 ul of serum or homogenized tissues in TRIzol
using the PureLink RNA mini kit (Life Technologies). CHIKV cDNA was generated using random pri-
mers (Invitrogen) with SuperScript IV reverse transcriptase (Life Technologies). CHIKV genome cop-
ies were quantified by RT-gqPCR using a CHIKV specific forward primer (5'-TTTGCGTGCCACTCTGG-
3) and reverse primer (5-CGGGTCACCACAAAGTACAA-3') with an internal TagMan probe (5-AC
TTGCTTTGATCGCCTTGGTGAGA-3'), as previously described (Hawman et al., 2013). To generate
RRV cDNA, a sequence-tagged (indicated with lower case letters) RRV-specific RT primer (5'-ggcag-
tatcgtgaattcgatgcAACACTCCCGTCGACAACAGA-3') was used with SuperScript IV reverse tran-
scriptase (Life Technologies). To quantify RRV genomes by RT-qPCR, a tag sequence-specific reverse
primer (5-GGCAGTATCGTGAATTCGATGC-3') was used with a RRV sequence-specific forward
primer (5-CCGTGGCGGGTATTATCAAT-3) and an internal TagMan probe (5-ATTAAGAGTG
TAGCCATCC-3'), as previously described (Stoermer et al., 2012).

Plaque assay and focus formation assay

In some experiments, infectious virus was quantified by plaque assay or focus formation assay, as
described previously (Hawman et al., 2017). In brief, for plaque assays, BHK-21 cells were seeded in
a 6-well plate and inoculated with 10-fold serial dilutions of serum or tissue homogenate in in vitro
diluent. Following a 1 hr adsorption, cells were overlayed with 1% immunodiffusion agarose (MP Bio-
medical) and incubated at 37°C for 40-44 hr before staining with neutral red stain to enumerate pla-
ques. For focus formation assays, Vero cells were seeded in a 96-well plate and serial dilutions of
serum or tissue homogenate were adsorbed to the cells for 2 hr, after which the inoculum was
removed and an overlay of 0.5% methylcellulose in MEM-alpha with 10% FBS was added to the cells.
Following an 18 hr incubation at 37°C, the cells were fixed with 1% paraformaldehyde and probed
with CHK-11 monoclonal antibody at 500 ng/ml in Perm Wash (1x PBS, 0.1% saponin, 0.1% BSA),
followed by a secondary goat anti-mouse IgG conjugated to horseradish peroxidase at 1:2000 in
Perm Wash. Foci were visualized with TrueBlue substrate (Fisher) and counted with a CTL Biospot
analyzer using Biospot software (Cellular Technology).

In situ hybridization and immunohistochemistry

WT or MARCO™ C57BL/6 mice were treated i.v. with 100 ul/10 g body weight of PLL or CLL 42 hr
prior to i.v. inoculation with 2.5 x 10° genomes of CHIKV AF15561 diluted in 100 ul of diluent. At 45
min post-inoculation, mice were sacrificed, perfused with 4% paraformaldehyde (PFA), and liver
lobes were collected and fixed in 4% PFA for 24 hr. Tissues were paraffin-embedded and sectioned.
RNA in situ hybridization was performed using the RNAscope 2.5 HD Assay-Brown (Advanced Cell
Diagnostics (ACD) Cat. No. 322300) according to the manufacturer’s protocol. In brief, paraffin-
embedded tissue sections were incubated at 60°C for 1 hr followed by deparaffinization. Endoge-
nous peroxidase activity was quenched by pretreatment with hydrogen peroxide for 10 min at room
temperature (RT), and slides were boiled in RNAscope Target Retrieval Solution for 15 min. Slides
were then treated with Protease Il at 40°C for 30 min in the ACD Ez Il Hybridization Oven (ACD Cat.
No. 321710), followed by hybridization of V-CHIKV-sp-01 probe (ACD Cat. No. 481891) for 2 hr at
40°C in the EZ Il Oven. Following hybridization of AMP1-6, signal was detected using DAB substrate
and tissues were counterstained with Gill's hematoxylin and visualized using standard bright-field
microscopy. On sections from the same liver lobes, immunohistochemistry was used to visualize F4/
80 positive cells. Tissues were deparaffinized and target retrieval was performed by incubating slides
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in Citrate pH 6.1 Target Retrieval Solution (Dako Cat. No. S1699) in a Biocare Medical decloaking
chamber at 110°C for 20 min. Tissues were then incubated with Dual Endogenous Enzyme Block
(Dako Cat. No. S2000389) for 10 min at RT, followed by incubation with Protein Block (Dako Cat.
No. X090930) for 10 min at RT. F4/80 antibody clone Cl:A3-1 (BioRad Cat. No. MCA497) was diluted
1:100 and added to tissues and incubated for 1 hr at RT, followed by biotinylated Anti-Rat IgG (Vec-
tor Laboratories BA-9401) for 30 min at RT. Tissues were then incubated with VECTASTAIN Elite
ABS reagent (Vector Laboratories, PK-6100) at RT for 30 min, signal was detected using DAB sub-
strate, and tissues were counterstained with Gill's hematoxylin and imaged. To quantify F4/80 posi-
tive cells in WT and MARCO™" livers, positively-stained cells in 10 randomly selected high power
fields per section were counted in a blinded manner and used to calculate the average number of
F4/80 positive cells per field.

Thermostability assays

10° PFU of virus (CHIKV WT or E2 K200R, AF15561 strain; RRV T48 or T48 E2 R251K) were incubated
in triplicate in normal mouse serum (Thermo Fisher Scientific #10410) at either 4°C or 37°C. Aliquots
from 0, 1, 8, 24 and 48 hr time points were titered by plaque assay (RRV) or Focus Formation Assay
(CHIKV), as described above.

Flow cytometry

Livers were minced and incubated in digestion buffer (RPMI 1640 with 10% FBS, 15 mM HEPES, 2.5
mg/ml Collagenase Type 1 (Worthington Biochemical), 1.7 mg/ml DNase | (Roche), 1% penicillin/
streptomycin) for 30 min at 37°C with shaking (130 rpm). Digested livers were passed through a 100
um cell strainer (BD Falcon). Liver cells were pelleted and re-suspended in a 35% Percoll solution
and centrifuged for 15 min at 450 x g at 4°C with medium acceleration and no break to isolate lym-
phocytes, and washed 1X with RPMI. Isolated cells from livers were blocked with anti-mouse FcyRIl/
[l (2.4G2; BD Pharmingen) for 20 min on ice and then stained in FACS buffer (1x PBS, 2% FBS) for 1
hr on ice with the following antibodies from Biolegend (most) or eBioscience (NK1.1): anti-MHC-II
(M5/114.14.2), anti-Ly6C (HK1.4), anti-F4/80 (BM8), anti-CD11b (M1/70), anti-NK1.1 (PK136), anti-
TCRB (H57-597), anti-CD19 (6D5), anti-CD11c (N418), anti-CD45 (30-F11), anti-Ly6G (1A8). Liver cells
were fixed in 1% paraformaldehyde (PFA) for 15 min. Samples were analyzed on an LSRFortessa
using FACSDiva software (Becton Dickinson). Further analysis was done using FlowJo Software (Tree
Star).

Mosquito vector competence studies

Aedes aegypti mosquitoes from Mexico (Poza Rica [Vera-Maloof et al., 2015], F18-20) were used
for vector competence studies. Mosquitoes were fed citrated sheep blood for colony maintenance
and provided with sugar and water ad libitum. Larvae and adults were reared and maintained under
controlled conditions of 28°C temperature, 70% relative humidity and a 12:12 (L:D) diurnal light
cycle. Mosquitoes were provided an infectious blood meal containing either CHIKV AF15561 WT or
CHIKV AF15561 E2 K200R. Defibrinated calf blood was mixed 1:1 with DMEM containing 2.2 x 10°
PFU/mL virus, resulting in a final blood meal titer of 1.1 x 10° PFU/mL. On day 3 post-infection,
mosquitoes were cold-anesthetized and legs and wings were removed and placed into a 2 mL tube
containing 250 puL mosquito diluent (1x PBS containing 20% FBS, antibiotics and antifungals) and a
sterile stainless-steel bead. Mosquito saliva was then collected by placing the mosquito proboscis
into a capillary tube filled with immersion oil to salivate for 30 min. Each capillary tube end contain-
ing saliva was broken off into a microcentrifuge tube containing 100 uL mosquito diluent, centri-
fuged for 3 min at 15,000 x g and stored at —80°C. After salivation, mosquito bodies were also
placed in a 2 mL tube containing 250 uL mosquito diluent and a sterile stainless-steel bead. Tissues
(legs/wings and bodies) were homogenized using a Retsch Mixer Mill MM400 (Germany) at 24
cycles/second for 1 min, centrifuged at 15,000 x g for 3 min and stored at —80°C. To determine
whether samples contained virus or not, Vero cells grown in 24-well plates were inoculated with 50
uL mosquito sample for 1 hr before a semi-solid overlay (0.6% Tragacanth gum in EMEM) was
added. Cells were fixed and stained with crystal violet three dpi to visualize plaques. Samples found
to be positive for virus were further evaluated by focus formation assay, as described above, to
quantify the amount of infectious virus present in the sample.
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Viral competition assays

To perform viral competition assays, we generated a genetically marked clone of CHIKV AF15561
using sight- directed mutagenesis (Forward Primer: 5'-ctaaactaaaggggcccaaagcagcagcgcetgt-3/;
Reverse Primer: 5'-acagcgctgctgctttgggcccctttagtttag-3’) to introduce a silent mutation that gener-
ates an Apal restriction site in nsP4, as described previously (Chen et al., 2013). For in vitro competi-
tion experiments, C6/36 cells were seeded in 24-well dishes and inoculated in triplicate at an MOI of
1 PFU/cell with a 1:1 ratio of CHIKV AF15561-Apal and CHIKV AF15561 or CHIKV AF15561-Apal
and CHIKV AF15561 E2 K200R. Following a 1 hr adsorption, virus inoculum was removed, cells were
washed, and fresh media was added. At 24 hpi, 1/10% of the supernatant was passaged onto a new
well of cells, and this was repeated for a total of five passages. RNA was extracted from the superna-
tant, and cDNA was generated as described above for CHIKV quantification. For in vivo competition
experiments, Aedes aegypti mosquitoes were microinjected intrathoracically with 138 PFU of a 1:1
mixture of CHIKV AF15561-Apal and CHIKV AF15561 or CHIKV AF15561-Apal and CHIKV AF15561
E2 K200R. At seven dpi, mosquito bodies and saliva were collected and processed as described
above and frozen at —80°C. RNA was extracted from 50 pL of each sample using the Mag-Bind Viral
DNA/RNA 96 kit (Omega Bio-Tek) on the KingFisher Flex Magnetic Particle Processor (Thermo
Fisher Scientific) following the manufacturer’s instructions. cDNA was generated as described above
for CHIKV quantification. Relative amounts of each virus in samples were evaluated as described pre-
viously (Chen et al., 2013). In brief, cDNA was subjected to PCR using forward primer (5'-atatctaga-
catggtgga-3') and reverse primer (5'- tatcaaaggaggctatgtc-3’) to amplify the region of nsP4 (6106-
6794) containing the Apal site. PCR products were digested with equal amounts of Apal and
PspOMI (isoschizomers) at room temperature for 30 min, and at 37°C for 4 hr. Complete digestion
was confirmed using control PCR products amplified from cDNA plasmid clones of CHIKV AF15561
WT or CHIKV AF15561-Apal. Digested products were run on a 1% TAE gel, stained with ethidium
bromide (Sigma), and imaged using Syngene G:Box. The percent band intensity was quantified using
Syngene GeneTools.

Statistical analysis

To determine the sample size to be used, population variance from pre-existing sample sets were
used in a power calculation (80% power, 0.05 type | error) to detect a 4-5-fold effect. The defined
sample size (N) listed in each figure legend refers to biological replicates of individual mice, mosqui-
toes, or cell wells. Data are represented as mean + SD. The statistical tests used for each data set
are indicated in the figure legends. Statistical analysis was conducted using GraphPad Prism 7.0.
Two-sided t-tests (parametric) or Mann Whitney tests (nonparametric) were used to compare two
groups. One-way ANOVA with Bonferroni’'s multiple comparison test (parametric) or Kruskal-Wallis
with Dunn’s multiple comparisons test (nonparametric) were used to compare three or more groups,
and two-way ANOVA with Bonferroni’'s multiple comparison test was used to compare two groups
at multiple time points.

Acknowledgements

This work was supported by Public Health Service grants RO1 Al123348 to TEM, F32 Al140567 to
KSC, and T32 Al007405 to KSC from the National Institute of Allergy and Infectious Diseases.

Additional information

Funding
Funder Grant reference number  Author
National Institute of Allergy RO1T Al123348 Thomas E Morrison

and Infectious Diseases

National Institute of Allergy F32 Al140567 Kathryn S Carpentier
and Infectious Diseases

National Institute of Allergy T32 Al007405 Kathryn S Carpentier
and Infectious Diseases

Carpentier et al. eLife 2019;8:e49163. DOI: https://doi.org/10.7554/eLife.49163 20 of 26


https://doi.org/10.7554/eLife.49163

LI FE Research article Microbiology and Infectious Disease

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Kathryn S Carpentier, Conceptualization, Formal analysis, Funding acquisition, Investigation,
Visualization, Methodology, Writing—original draft, Writing—review and editing; Bennett J
Davenport, Kelsey C Haist, Nicholas A May, Alexis Robison, Investigation, Writing—review and
editing; Mary K McCarthy, Formal analysis, Investigation, Methodology, Writing—review and
editing; Claudia Ruckert, Investigation, Methodology, Writing—review and editing; Gregory D Ebel,
Resources, Supervision, Methodology, Writing—review and editing; Thomas E Morrison,
Conceptualization, Resources, Supervision, Funding acquisition, Visualization, Methodology,
Writing—original draft, Project administration, Writing—review and editing

Author ORCIDs
Kathryn S Carpentier () https://orcid.org/0000-0003-0829-4544
Thomas E Morrison (&) https://orcid.org/0000-0002-1811-2938

Ethics

Animal experimentation: This study was performed in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All of
the animals were handled according to approved institutional animal care and use committee
(IACUC) protocols (#00026) of the University of Colorado School of Medicine (Assurance Number
A3269-01). Experimental animals were humanely euthanized at defined endpoints by exposure to
isoflurane vapors followed by thoracotomy.

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.49163.032
Author response https://doi.org/10.7554/elife.49163.033

Additional files

Supplementary files
« Supplementary file 1. Primers used to generate mutant viruses through site-directed mutagenesis.
DOI: https://doi.org/10.7554/eLife.49163.026

« Supplementary file 2. Key Resources Table.
DOI: https://doi.org/10.7554/eLife.49163.027

» Transparent reporting form DOI: https://doi.org/10.7554/eLife.49163.028

Data availability
All data generated or analysed during this study are included in the manuscript and supporting files.

The following previously published dataset was used:

Database and

Author(s) Year Dataset title Dataset URL Identifier
The Tabla Muris 2018 Tabula Muris: Transcriptomic * https://www.ncbi.nlm.  Gene Expression
Consortium characterization of 20 organs and  nih.gov/geo/query/acc. ~ Omnibus, GSE109774

tissues from Mus musculus at single cgi?acc=GSE109774
cell resolution

References

Areschoug T, Gordon S. 2009. Scavenger receptors: role in innate immunity and microbial pathogenesis. Cellular
Microbiology 11:1160-1169. DOI: https://doi.org/10.1111/].1462-5822.2009.01326.x, PMID: 19388903

Arredouani M, Yang Z, Ning Y, Qin G, Soininen R, Tryggvason K, Kobzik L. 2004. The scavenger receptor

MARCO is required for lung defense against pneumococcal pneumonia and inhaled particles. The Journal of
Experimental Medicine 200:267-272. DOI: https://doi.org/10.1084/jem.20040731, PMID: 15263032

Carpentier et al. eLife 2019;8:e49163. DOI: https://doi.org/10.7554/eLife.49163 21 of 26


https://orcid.org/0000-0003-0829-4544
https://orcid.org/0000-0002-1811-2938
https://doi.org/10.7554/eLife.49163.032
https://doi.org/10.7554/eLife.49163.033
https://doi.org/10.7554/eLife.49163.026
https://doi.org/10.7554/eLife.49163.027
https://doi.org/10.7554/eLife.49163.028
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109774
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109774
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109774
https://doi.org/10.1111/j.1462-5822.2009.01326.x
http://www.ncbi.nlm.nih.gov/pubmed/19388903
https://doi.org/10.1084/jem.20040731
http://www.ncbi.nlm.nih.gov/pubmed/15263032
https://doi.org/10.7554/eLife.49163

LI FE Research article Microbiology and Infectious Disease

Ashbrook AW, Burrack KS, Silva LA, Montgomery SA, Heise MT, Morrison TE, Dermody TS. 2014. Residue 82 of
the Chikungunya virus E2 attachment protein modulates viral dissemination and arthritis in mice. Journal of
Virology 88:12180-12192. DOI: https://doi.org/10.1128/JVI.01672-14, PMID: 25142598

Azevedo C, Saiardi A. 2016. Why always lysine? the ongoing tale of one of the most modified amino acids.
Advances in Biological Regulation 60:144-150. DOI: https://doi.org/10.1016/j.jbior.2015.09.008, PMID: 264822
91

Bernard KA, Klimstra WB, Johnston RE. 2000. Mutations in the E2 Glycoprotein of Venezuelan Equine
Encephalitis Virus Confer Heparan Sulfate Interaction, Low Morbidity, and Rapid Clearance from Blood of Mice.
Virology 276:93-103. DOI: https://doi.org/10.1006/viro.2000.0546

Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, Drake JM, Brownstein JS, Hoen AG, Sankoh
O, Myers MF, George DB, Jaenisch T, Wint GRW, Simmons CP, Scott TW, Farrar JJ, Hay SI. 2013. The global
distribution and burden of dengue. Nature 496:504-507. DOI: https://doi.org/10.1038/nature12060

Borges da Silva H, Fonseca R, Pereira RM, Cassado AA, Alvarez JM, D'Império Lima MR. 2015. Splenic
macrophage subsets and their function during Blood-Borne infections. Frontiers in Immunology 6:606-609.
DOI: https://doi.org/10.3389/fimmu.2015.00480, PMID: 26441984

Borgherini G, Poubeau P, Jossaume A, Gouix A, Cotte L, Michault A, Arvin-Berod C, Paganin F. 2008. Persistent
arthralgia associated with Chikungunya virus: a study of 88 adult patients on reunion island. Clinical Infectious
Diseases 47:469-475. DOI: https://doi.org/10.1086/590003, PMID: 18611153

Bowdish DM, Sakamoto K, Lack NA, Hill PC, Sirugo G, Newport MJ, Gordon S, Hill AV, Vannberg FO. 2013.
Genetic variants of MARCO are associated with susceptibility to pulmonary tuberculosis in a gambian
population. BMC Medical Genetics 14:47. DOI: https://doi.org/10.1186/1471-2350-14-47, PMID: 23617307

Bowdish DM, Gordon S. 2009. Conserved domains of the class A scavenger receptors: evolution and function.
Immunological Reviews 227:19-31. DOI: https://doi.org/10.1111/}.1600-065X.2008.00728.x, PMID: 19120472

Bryan MA, Giordano D, Draves KE, Green R, Gale M, Clark EA. 2018. Splenic macrophages are required for
protective innate immunity against west nile virus. PLOS ONE 13:e0191690. DOI: https://doi.org/10.1371/
journal.pone.0191690, PMID: 29408905

Byrnes AP, Griffin DE. 1998. Binding of sindbis virus to cell surface heparan sulfate. Journal of Virology 72:7349-
7356. PMID: 9696831

Byrnes AP, Griffin DE. 2000. Large-plague mutants of sindbis virus show reduced binding to heparan sulfate,
heightened Viremia, and slower clearance from the circulation. Journal of Virology 74:644-651. DOI: https://
doi.org/10.1128/JVI.74.2.644-651.2000, PMID: 10623725

Canton J, Neculai D, Grinstein S. 2013. Scavenger receptors in homeostasis and immunity. Nature Reviews
Immunology 13:621-634. DOI: https://doi.org/10.1038/nri3515

Cardona-Ospina JA, Villamil-Gémez WE, Jimenez-Canizales CE, Castafieda-Hernandez DM, Rodriguez-Morales
AJ. 2015. Estimating the burden of disease and the economic cost attributable to Chikungunya, Colombia,
2014. Transactions of the Royal Society of Tropical Medicine and Hygiene 109:793-802. DOI: https://doi.org/
10.1093/trstmh/trv094, PMID: 26626342

ChenY, Sankala M, Qjala JR, Sun Y, Tuuttila A, Isenman DE, Tryggvason K, Pikkarainen T. 2006. A phage display
screen and binding studies with acetylated low density lipoprotein provide evidence for the importance of the
scavenger receptor cysteine-rich (SRCR) domain in the ligand-binding function of MARCO. Journal of Biological
Chemistry 281:12767-12775. DOI: https://doi.org/10.1074/jbc.M513628200, PMID: 16524885

Chen R, Wang E, Tsetsarkin KA, Weaver SC. 2013. Chikungunya virus 3’ untranslated region: adaptation to
mosquitoes and a population bottleneck as major evolutionary forces. PLOS Pathogens 9:¢1003591.

DOI: https://doi.org/10.1371/journal.ppat. 1003591, PMID: 24009512

Chow A, Her Z, Ong EK, Chen JM, Dimatatac F, Kwek DJ, Barkham T, Yang H, Rénia L, Leo YS, Ng LF. 2011.
Persistent arthralgia induced by Chikungunya virus infection is associated with interleukin-6 and granulocyte
macrophage colony-stimulating factor. The Journal of Infectious Diseases 203:149-157. DOI: https://doi.org/
10.1093/infdis/jiq042, PMID: 21288813

Couderc T, Chrétien F, Schilte C, Disson O, Brigitte M, Guivel-Benhassine F, Touret Y, Barau G, Cayet N,
Schuffenecker |, Després P, Arenzana-Seisdedos F, Michault A, Albert ML, Lecuit M. 2008. A mouse model for
Chikungunya: young age and inefficient type-I interferon signaling are risk factors for severe disease.

PLOS Pathogens 4:e29. DOI: https://doi.org/10.1371/journal.ppat.0040029, PMID: 18282093

Couturier E, Guillemin F, Mura M, Leon L, Virion J-M, Letort M-J, De Valk H, Simon F, Vaillant V. 2012. Impaired
quality of life after Chikungunya virus infection: a 2-year follow-up study. Rheumatology 51:1315-1322.

DOI: https://doi.org/10.1093/rheumatology/kes015

Daugherty MD, Malik HS. 2012. Rules of engagement: molecular insights from host-virus arms races. Annual
Review of Genetics 46:677-700. DOI: https://doi.org/10.1146/annurev-genet-110711-155522, PMID: 23145935

de St Maurice A, Harmon J, Nyakarahuka L, Balinandi S, Tumusiime A, Kyondo J, Mulei S, Namutebi A, Knust B,
Shoemaker T, Nichol ST, McElroy AK, Spiropoulou CF. 2018. Rift valley fever viral load correlates with the
human inflammatory response and coagulation pathway abnormalities in humans with hemorrhagic
manifestations. PLOS Neglected Tropical Diseases 12:€0006460. DOI: https://doi.org/10.1371/journal.pntd.
0006460, PMID: 29727450

Doherty RL, Whitehead RH. 1963. The isolation of a third group A arbovirus in Australia, with preliminary
observations on its relationship to epidemic polyarthritis. Australian Journal of Science 26:183-184.

Duffy MR, Chen TH, Hancock WT, Powers AM, Kool JL, Lanciotti RS, Pretrick M, Marfel M, Holzbauer S, Dubray
C, Guillaumot L, Griggs A, Bel M, Lambert AJ, Laven J, Kosoy O, Panella A, Biggerstaff BJ, Fischer M, Hayes

Carpentier et al. eLife 2019;8:e49163. DOI: https://doi.org/10.7554/eLife.49163 22 of 26


https://doi.org/10.1128/JVI.01672-14
http://www.ncbi.nlm.nih.gov/pubmed/25142598
https://doi.org/10.1016/j.jbior.2015.09.008
http://www.ncbi.nlm.nih.gov/pubmed/26482291
http://www.ncbi.nlm.nih.gov/pubmed/26482291
https://doi.org/10.1006/viro.2000.0546
https://doi.org/10.1038/nature12060
https://doi.org/10.3389/fimmu.2015.00480
http://www.ncbi.nlm.nih.gov/pubmed/26441984
https://doi.org/10.1086/590003
http://www.ncbi.nlm.nih.gov/pubmed/18611153
https://doi.org/10.1186/1471-2350-14-47
http://www.ncbi.nlm.nih.gov/pubmed/23617307
https://doi.org/10.1111/j.1600-065X.2008.00728.x
http://www.ncbi.nlm.nih.gov/pubmed/19120472
https://doi.org/10.1371/journal.pone.0191690
https://doi.org/10.1371/journal.pone.0191690
http://www.ncbi.nlm.nih.gov/pubmed/29408905
http://www.ncbi.nlm.nih.gov/pubmed/9696831
https://doi.org/10.1128/JVI.74.2.644-651.2000
https://doi.org/10.1128/JVI.74.2.644-651.2000
http://www.ncbi.nlm.nih.gov/pubmed/10623725
https://doi.org/10.1038/nri3515
https://doi.org/10.1093/trstmh/trv094
https://doi.org/10.1093/trstmh/trv094
http://www.ncbi.nlm.nih.gov/pubmed/26626342
https://doi.org/10.1074/jbc.M513628200
http://www.ncbi.nlm.nih.gov/pubmed/16524885
https://doi.org/10.1371/journal.ppat.1003591
http://www.ncbi.nlm.nih.gov/pubmed/24009512
https://doi.org/10.1093/infdis/jiq042
https://doi.org/10.1093/infdis/jiq042
http://www.ncbi.nlm.nih.gov/pubmed/21288813
https://doi.org/10.1371/journal.ppat.0040029
http://www.ncbi.nlm.nih.gov/pubmed/18282093
https://doi.org/10.1093/rheumatology/kes015
https://doi.org/10.1146/annurev-genet-110711-155522
http://www.ncbi.nlm.nih.gov/pubmed/23145935
https://doi.org/10.1371/journal.pntd.0006460
https://doi.org/10.1371/journal.pntd.0006460
http://www.ncbi.nlm.nih.gov/pubmed/29727450
https://doi.org/10.7554/eLife.49163

LI FE Research article Microbiology and Infectious Disease

EB. 2009. Zika virus outbreak on yap island, Federated states of Micronesia. New England Journal of Medicine
360:2536-2543. DOI: https://doi.org/10.1056/NEJM0a0805715, PMID: 19516034

Fuchs A, Lin T-Y, Beasley DW, Stover CM, Schwaeble WJ, Pierson TC, Diamond MS. 2010. Direct Complement
Restriction of Flavivirus Infection Requires Glycan Recognition by Mannose-Binding Lectin. Cell Host & Microbe
8:186-195. DOI: https://doi.org/10.1016/j.chom.2010.07.007

Gardner J, Anraku |, Le TT, Larcher T, Major L, Roques P, Schroder WA, Higgs S, Suhrbier A. 2010. Chikungunya
Virus Arthritis in Adult Wild-Type Mice. Journal of Virology 84:8021-8032. DOI: https://doi.org/10.1128/JVI.
02603-09

Gardner CL, Ebel GD, Ryman KD, Klimstra WB. 2011. Heparan sulfate binding by natural eastern equine
encephalitis viruses promotes neurovirulence. PNAS 108:16026-16031. DOI: https://doi.org/10.1073/pnas.
1110617108, PMID: 21896745

Gérardin P, Fianu A, Malvy D, Mussard C, Boussaid K, Rollot O, Michault A, Galizere BA, Bréart G, Favier F.
2011. Perceived morbidity and community burden after a Chikungunya outbreak: the TELECHIK survey, a
population-based cohort study. BMC Medicine 9:5. DOI: https://doi.org/10.1186/1741-7015-9-5,
PMID: 21235760

Guilliams M, Bruhns P, Saeys Y, Hammad H, Lambrecht BN. 2014. The function of fcy receptors in dendritic cells
and macrophages. Nature Reviews Immunology 14:94-108. DOI: https://doi.org/10.1038/nri3582,
PMID: 24445665

Hawman DW, Stoermer KA, Montgomery SA, Pal P, Oko L, Diamond MS, Morrison TE. 2013. Chronic joint
disease caused by persistent chikungunya virus infection is controlled by the adaptive immune response.
Journal of Virology 87:13878-13888. DOI: https://doi.org/10.1128/JVI1.02666-13, PMID: 24131709

Hawman DW, Carpentier KS, Fox JM, May NA, Sanders W, Montgomery SA, Moorman NJ, Diamond MS,
Morrison TE. 2017. Mutations in the E2 glycoprotein and the 3’ Untranslated Region Enhance Chikungunya
Virus Virulence in Mice. Journal of Virology 91:32. DOI: https://doi.org/10.1128/JV1.00816-17

Heil ML, Albee A, Strauss JH, Kuhn RJ. 2001. An amino acid substitution in the coding region of the E2
glycoprotein adapts ross river virus to utilize heparan sulfate as an attachment moiety. Journal of Virology 75:
6303-6309. DOI: https://doi.org/10.1128/JVI.75.14.6303-6309.2001, PMID: 11413296

Hickey MJ, Kubes P. 2009. Intravascular immunity: the host-pathogen encounter in blood vessels. Nature
Reviews Immunology 9:364-375. DOI: https://doi.org/10.1038/nri2532, PMID: 19390567

High M, Cho HY, Marzec J, Wiltshire T, Verhein KC, Caballero MT, Acosta PL, Ciencewicki J, McCaw ZR, Kobzik
L, Miller-DeGraff L, Gladwell W, Peden DB, Serra ME, Shi M, Weinberg C, Suzuki O, Wang X, Bell DA, Polack
FP, et al. 2016. Determinants of host susceptibility to murine respiratory syncytial virus (RSV) disease identify a
role for the innate immunity scavenger receptor MARCO gene in human infants. EBioMedicine 11:73-84.
DOI: https://doi.org/10.1016/j.ebiom.2016.08.011, PMID: 27554839

Jahrling PB, Gorelkin L. 1975. Selective clearance of a benign clone of venezuelan equine encephalitis virus from
hamster plasma by hepatic reticuloendothelial cells. Journal of Infectious Diseases 132:667-676. DOI: https://
doi.org/10.1093/infdis/132.6.667, PMID: 1202111

Jenne CN, Kubes P. 2013. Immune surveillance by the liver. Nature Immunology 14:996-1006. DOI: https://doi.
org/10.1038/ni.2691, PMID: 24048121

Jones JE, Long KM, Whitmore AC, Sanders W, Thurlow LR, Brown JA, Morrison CR, Vincent H, Peck KM,
Browning C, Moorman N, Lim JK, Heise MT. 2017. Disruption of the opal stop Codon attenuates Chikungunya
Virus-Induced arthritis and pathology. mBio 8:1-16. DOI: https://doi.org/10.1128/mBio.01456-17

Jupille HJ, Oko L, Stoermer KA, Heise MT, Mahalingam S, Gunn BM, Morrison TE. 2011. Mutations in nsP1 and
PE2 are critical determinants of ross river virus-induced musculoskeletal inflammatory disease in a mouse
model. Virology 410:216-227. DOI: https://doi.org/10.1016/j.virol.2010.11.012

Jupille HJ, Medina-Rivera M, Hawman DW, Oko L, Morrison TE. 2013. A tyrosine-to-histidine switch at position
18 of the ross river virus E2 glycoprotein is a determinant of virus fitness in disparate hosts. Journal of Virology
87:5970-5984. DOI: https://doi.org/10.1128/JVI.03326-12, PMID: 23514884

Kitamura D, Roes J, Kithn R, Rajewsky K. 1991. A B cell-deficient mouse by targeted disruption of the membrane
exon of the immunoglobulin u chain gene. Nature 350:423-426. DOI: https://doi.org/10.1038/350423a0,
PMID: 1901381

Klimstra WB, Ryman KD, Johnston RE. 1998. Adaptation of sindbis virus to BHK cells selects for use of heparan
sulfate as an attachment receptor. Journal of Virology 72:7357-7366. PMID: 9696832

Krenkel O, Tacke F. 2017. Liver macrophages in tissue homeostasis and disease. Nature Reviews Immunology
17:306-321. DOI: https://doi.org/10.1038/nri.2017.11, PMID: 28317925

Kubes P, Jenne C. 2018. Immune responses in the liver. Annual Review of Immunology 36:247-277. DOI: https://
doi.org/10.1146/annurev-immunol-051116-052415, PMID: 29328785

Kuhn RJ, Niesters HG, Hong Z, Strauss JH. 1991. Infectious RNA transcripts from ross river virus cDNA clones
and the construction and characterization of defined chimeras with sindbis virus. Virology 182:430-441.
DOI: https://doi.org/10.1016/0042-6822(91)20584-X, PMID: 1673812

Lanciotti RS, Ludwig ML, Rwaguma EB, Lutwama JJ, Kram TM, Karabatsos N, Cropp BC, Miller BR. 1998.
Emergence of epidemic O’'nyong-nyong fever in Uganda after a 35-year absence: genetic characterization of
the virus. Virology 252:258-268. DOI: https://doi.org/10.1006/viro.1998.9437, PMID: 9875334

Lanciotti RS, Valadere AM. 2014. Transcontinental movement of asian genotype chikungunya virus. Emerging
Infectious Diseases 20:1400-1402. DOI: https://doi.org/10.3201/eid2008.140268, PMID: 25076384

Lao W, Kang H, Jin G, Chen L, Chu Y, Sun J, Sun B. 2017. Evaluation of the relationship between MARCO and
CD36 single-nucleotide polymorphisms and susceptibility to pulmonary tuberculosis in a chinese han

Carpentier et al. eLife 2019;8:e49163. DOI: https://doi.org/10.7554/eLife.49163 23 of 26


https://doi.org/10.1056/NEJMoa0805715
http://www.ncbi.nlm.nih.gov/pubmed/19516034
https://doi.org/10.1016/j.chom.2010.07.007
https://doi.org/10.1128/JVI.02603-09
https://doi.org/10.1128/JVI.02603-09
https://doi.org/10.1073/pnas.1110617108
https://doi.org/10.1073/pnas.1110617108
http://www.ncbi.nlm.nih.gov/pubmed/21896745
https://doi.org/10.1186/1741-7015-9-5
http://www.ncbi.nlm.nih.gov/pubmed/21235760
https://doi.org/10.1038/nri3582
http://www.ncbi.nlm.nih.gov/pubmed/24445665
https://doi.org/10.1128/JVI.02666-13
http://www.ncbi.nlm.nih.gov/pubmed/24131709
https://doi.org/10.1128/JVI.00816-17
https://doi.org/10.1128/JVI.75.14.6303-6309.2001
http://www.ncbi.nlm.nih.gov/pubmed/11413296
https://doi.org/10.1038/nri2532
http://www.ncbi.nlm.nih.gov/pubmed/19390567
https://doi.org/10.1016/j.ebiom.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27554839
https://doi.org/10.1093/infdis/132.6.667
https://doi.org/10.1093/infdis/132.6.667
http://www.ncbi.nlm.nih.gov/pubmed/1202111
https://doi.org/10.1038/ni.2691
https://doi.org/10.1038/ni.2691
http://www.ncbi.nlm.nih.gov/pubmed/24048121
https://doi.org/10.1128/mBio.01456-17
https://doi.org/10.1016/j.virol.2010.11.012
https://doi.org/10.1128/JVI.03326-12
http://www.ncbi.nlm.nih.gov/pubmed/23514884
https://doi.org/10.1038/350423a0
http://www.ncbi.nlm.nih.gov/pubmed/1901381
http://www.ncbi.nlm.nih.gov/pubmed/9696832
https://doi.org/10.1038/nri.2017.11
http://www.ncbi.nlm.nih.gov/pubmed/28317925
https://doi.org/10.1146/annurev-immunol-051116-052415
https://doi.org/10.1146/annurev-immunol-051116-052415
http://www.ncbi.nlm.nih.gov/pubmed/29328785
https://doi.org/10.1016/0042-6822(91)90584-X
http://www.ncbi.nlm.nih.gov/pubmed/1673812
https://doi.org/10.1006/viro.1998.9437
http://www.ncbi.nlm.nih.gov/pubmed/9875334
https://doi.org/10.3201/eid2008.140268
http://www.ncbi.nlm.nih.gov/pubmed/25076384
https://doi.org/10.7554/eLife.49163

e LI FE Research article

Microbiology and Infectious Disease

population. BMC Infectious Diseases 17:488. DOI: https://doi.org/10.1186/s12879-017-2595-2, PMID: 286
93442

Lee WY, Moriarty TJ, Wong CH, Zhou H, Strieter RM, van Rooijen N, Chaconas G, Kubes P. 2010. An
intravascular immune response to Borrelia burgdorferi involves kupffer cells and iNKT cells. Nature Immunology
11:295-302. DOI: https://doi.org/10.1038/ni.1855, PMID: 20228796

Lewis SM, Williams A, Eisenbarth SC. 2019. Structure and function of the immune system in the spleen. Science
Immunology 4:eaau6085. DOI: https://doi.org/10.1126/sciimmunol.aau6085, PMID: 30824527

Lindsay M. 1996. An outbreak of ross river virus disease in southwestern Australia. Emerging Infectious Diseases
2:117-120. DOI: https://doi.org/10.3201/eid0202.960206

Liu WJ, Rourke MF, Holmes EC, Aaskov JG. 2011. Persistence of multiple genetic lineages within intrahost
populations of ross river virus. Journal of Virology 85:5674-5678. DOI: https://doi.org/10.1128/JV1.02622-10,
PMID: 21430052

Ma MJ, Wang HB, Li H, Yang JH, Yan Y, Xie LP, Qi YC, Li JL, Chen MJ, Liu W, Cao WC. 2011. Genetic variants in
MARCO are associated with the susceptibility to pulmonary tuberculosis in chinese han population. PLOS One
6:€24069. DOI: https://doi.org/10.1371/journal.pone.0024069, PMID: 21886847

MacLeod DT, Nakatsuji T, Yamasaki K, Kobzik L, Gallo RL. 2013. HSV-1 exploits the innate immune scavenger
receptor MARCO to enhance epithelial adsorption and infection. Nature Communications 4:1963. DOI: https://
doi.org/10.1038/ncomms2963, PMID: 23739639

MacLeod DT, Nakatsuji T, Wang Z, di Nardo A, Gallo RL. 2015. Vaccinia virus binds to the scavenger receptor
MARCO on the surface of keratinocytes. Journal of Investigative Dermatology 135:142-150. DOI: https://doi.
org/10.1038/id.2014.330, PMID: 25089661

Maler MD, Nielsen PJ, Stichling N, Cohen |, Ruzsics Z, Wood C, Engelhard P, Suomalainen M, Gyory |, Huber M,
Miiller-Quernheim J, Schamel WWA, Gordon S, Jakob T, Martin SF, Jahnen-Dechent W, Greber UF,
Freudenberg MA, Fejer G. 2017. Key role of the scavenger receptor MARCO in mediating adenovirus infection
and subsequent innate responses of macrophages. mBio 8:€00670-17. DOI: https://doi.org/10.1128/mBio.
00670-17, PMID: 28765216

Metsky HC, Matranga CB, Wohl S, Schaffner SF, Freije CA, Winnicki SM, West K, Qu J, Baniecki ML, Gladden-
Young A, Lin AE, Tomkins-Tinch CH, Ye SH, Park DJ, Luo CY, Barnes KG, Shah RR, Chak B, Barbosa-Lima G,
Delatorre E, et al. 2017. Zika virus evolution and spread in the americas. Nature 546:411-415. DOI: https://doi.
org/10.1038/nature22402, PMID: 28538734

Metz SW, Geertsema C, Martina BE, Andrade P, Heldens JG, van Oers MM, Goldbach RW, Vlak JM, Pijlman GP.
2011. Functional processing and secretion of chikungunya virus E1 and E2 glycoproteins in insect cells. Virology
Journal 8:353. DOI: https://doi.org/10.1186/1743-422X-8-353, PMID: 21762510

Moro ML, Gagliotti C, Silvi G, Angelini R, Sambri V, Rezza G, Massimiliani E, Mattivi A, Grilli E, Finarelli AC,
Spataro N, Pierro AM, Seyler T, Macini P, Chikungunya Study Group. 2010. Chikungunya virus in North-Eastern
Italy: a seroprevalence survey. The American Journal of Tropical Medicine and Hygiene 82:508-511.
DOI: https://doi.org/10.4269/ajtmh.2010.09-0322, PMID: 20207883

Morrison TE, Whitmore AC, Shabman RS, Lidbury BA, Mahalingam S, Heise MT. 2006. Characterization of ross
river virus tropism and virus-induced inflammation in a mouse model of viral arthritis and myositis. Journal of
Virology 80:737-749. DOI: https://doi.org/10.1128/JVI.80.2.737-749.2006, PMID: 16378976

Morrison TE, Oko L, Montgomery SA, Whitmore AC, Lotstein AR, Gunn BM, Elmore SA, Heise MT. 2011. A
mouse model of chikungunya Virus—-Induced Musculoskeletal Inflammatory Disease. AJPA 178:32-40.
DOI: https://doi.org/10.1016/j.ajpath.2010.11.018

Morrison TE. 2014. Reemergence of Chikungunya virus. Journal of Virology 88:11644-11647. DOI: https://doi.
org/10.1128/JVI.01432-14, PMID: 25078691

Mukhopadhyay S, Gordon S. 2004. The role of scavenger receptors in pathogen recognition and innate
immunity. Immunobiology 209:39-49. DOI: https://doi.org/10.1016/j.imbio.2004.02.004, PMID: 15481139

Musso D, Rouault E, Teissier A, Lanteri MC, Zisou K, Broult J, Grange E, Nhan TX, Aubry M. 2017. Molecular
detection of zika virus in blood and RNA load determination during the french polynesian outbreak. Journal of
Medical Virology 89:1505-1510. DOI: https://doi.org/10.1002/jmv.24735, PMID: 27859375

Musso D, Bossin H, Mallet HP, Besnard M, Broult J, Baudouin L, Levi JE, Sabino EC, Ghawche F, Lanteri MC,
Baud D. 2018. Zika virus in french Polynesia 2013-14: anatomy of a completed outbreak. The Lancet Infectious
Diseases 18:€172-e182. DOI: https://doi.org/10.1016/51473-3099(17)30446-2, PMID: 29150310

Novakowski KE, Yap NVL, Yin C, Sakamoto K, Heit B, Golding GB, Bowdish DME. 2018. Human-Specific
mutations and positively selected sites in MARCO confer functional changes. Molecular Biology and Evolution
35:440-450. DOI: https://doi.org/10.1093/molbev/msx298, PMID: 29165618

Pearson AM, Rich A, Krieger M. 1993. Polynucleotide binding to macrophage scavenger receptors depends on
the formation of base-quartet-stabilized four-stranded helices. The Journal of Biological Chemistry 268:3546—
3554. PMID: 8429030

Pickett BE, Sadat EL, Zhang Y, Noronha JM, Squires RB, Hunt V, Liu M, Kumar S, Zaremba S, Gu Z, Zhou L,
Larson CN, Dietrich J, Klem EB, Scheuermann RH. 2012. ViPR: an open bioinformatics database and analysis
resource for virology research. Nucleic Acids Research 40:D593-D598. DOI: https://doi.org/10.1093/nar/
gkr859, PMID: 22006842

Pierson TC, Diamond MS. 2018. The emergence of zika virus and its new clinical syndromes. Nature 560:573—
581. DOI: https://doi.org/10.1038/s41586-018-0446-y, PMID: 30158602

Platt N, Gordon S. 1998. Scavenger receptors: diverse activities and promiscuous binding of polyanionic ligands.
Chemistry & Biology 5:R193-R203. DOI: https://doi.org/10.1016/51074-5521(98)90156-9, PMID: 9710567

Carpentier et al. eLife 2019;8:e49163. DOI: https://doi.org/10.7554/eLife.49163 24 of 26


https://doi.org/10.1186/s12879-017-2595-2
http://www.ncbi.nlm.nih.gov/pubmed/28693442
http://www.ncbi.nlm.nih.gov/pubmed/28693442
https://doi.org/10.1038/ni.1855
http://www.ncbi.nlm.nih.gov/pubmed/20228796
https://doi.org/10.1126/sciimmunol.aau6085
http://www.ncbi.nlm.nih.gov/pubmed/30824527
https://doi.org/10.3201/eid0202.960206
https://doi.org/10.1128/JVI.02622-10
http://www.ncbi.nlm.nih.gov/pubmed/21430052
https://doi.org/10.1371/journal.pone.0024069
http://www.ncbi.nlm.nih.gov/pubmed/21886847
https://doi.org/10.1038/ncomms2963
https://doi.org/10.1038/ncomms2963
http://www.ncbi.nlm.nih.gov/pubmed/23739639
https://doi.org/10.1038/jid.2014.330
https://doi.org/10.1038/jid.2014.330
http://www.ncbi.nlm.nih.gov/pubmed/25089661
https://doi.org/10.1128/mBio.00670-17
https://doi.org/10.1128/mBio.00670-17
http://www.ncbi.nlm.nih.gov/pubmed/28765216
https://doi.org/10.1038/nature22402
https://doi.org/10.1038/nature22402
http://www.ncbi.nlm.nih.gov/pubmed/28538734
https://doi.org/10.1186/1743-422X-8-353
http://www.ncbi.nlm.nih.gov/pubmed/21762510
https://doi.org/10.4269/ajtmh.2010.09-0322
http://www.ncbi.nlm.nih.gov/pubmed/20207883
https://doi.org/10.1128/JVI.80.2.737-749.2006
http://www.ncbi.nlm.nih.gov/pubmed/16378976
https://doi.org/10.1016/j.ajpath.2010.11.018
https://doi.org/10.1128/JVI.01432-14
https://doi.org/10.1128/JVI.01432-14
http://www.ncbi.nlm.nih.gov/pubmed/25078691
https://doi.org/10.1016/j.imbio.2004.02.004
http://www.ncbi.nlm.nih.gov/pubmed/15481139
https://doi.org/10.1002/jmv.24735
http://www.ncbi.nlm.nih.gov/pubmed/27859375
https://doi.org/10.1016/S1473-3099(17)30446-2
http://www.ncbi.nlm.nih.gov/pubmed/29150310
https://doi.org/10.1093/molbev/msx298
http://www.ncbi.nlm.nih.gov/pubmed/29165618
http://www.ncbi.nlm.nih.gov/pubmed/8429030
https://doi.org/10.1093/nar/gkr859
https://doi.org/10.1093/nar/gkr859
http://www.ncbi.nlm.nih.gov/pubmed/22006842
https://doi.org/10.1038/s41586-018-0446-y
http://www.ncbi.nlm.nih.gov/pubmed/30158602
https://doi.org/10.1016/S1074-5521(98)90156-9
http://www.ncbi.nlm.nih.gov/pubmed/9710567
https://doi.org/10.7554/eLife.49163

LI FE Research article Microbiology and Infectious Disease

Pozo-Aguilar JO, Monroy-Martinez V, Diaz D, Barrios-Palacios J, Ramos C, Ulloa-Garcia A, Garcia-Pillado J, Ruiz-
Ordaz BH. 2014. Evaluation of host and viral factors associated with severe dengue based on the 2009 WHO
classification. Parasites & Vectors 7:590. DOI: https://doi.org/10.1186/s13071-014-0590-7, PMID: 25500154

Rodriguez-Morales AJ, Gil-Restrepo AF, Ramirez-Jaramillo V, Montoya-Arias CP, Acevedo-Mendoza WF,
Bedoya-Arias JE, Chica-Quintero LA, Murillo-Garcia DR, Garcia-Robledo JE, Castrillon-Spitia JD, Londofio JJ,
Bedoya-Rendén HD, Cardenas-Pérez JJ, Cardona-Ospina JA, Lagos-Grisales GJ. 2016. Post-chikungunya
chronic inflammatory rheumatism: results from a retrospective follow-up study of 283 adult and child cases in
La Virginia, risaralda, Colombia. F1000Research 5:360. DOI: https://doi.org/10.12688/f1000research.8235.1,
PMID: 27081477

Schilte C, Staikowsky F, Staikovsky F, Couderc T, Madec Y, Carpentier F, Kassab S, Albert ML, Lecuit M, Michault
A. 2013. Chikungunya virus-associated long-term arthralgia: a 36-month prospective longitudinal study.

PLOS Neglected Tropical Diseases 7:€2137. DOI: https://doi.org/10.1371/journal.pntd.0002137,
PMID: 23556021

Seiler P, Aichele P, Odermatt B, Hengartner H, Zinkernagel RM, Schwendener RA. 1997. Crucial role of marginal
zone macrophages and marginal zone metallophils in the clearance of lymphocytic choriomeningitis virus
infection. European Journal of Immunology 27:2626-2633. DOI: https://doi.org/10.1002/eji.1830271023,
PMID: 9368619

Silva LA, Khomandiak S, Ashbrook AW, Weller R, Heise MT, Morrison TE, Dermody TS. 2014. A single-amino-
acid polymorphism in Chikungunya virus E2 glycoprotein influences glycosaminoglycan utilization. Journal of
Virology 88:2385-2397. DOI: https://doi.org/10.1128/JVI.03116-13, PMID: 24371059

Smit JM, Waarts BL, Kimata K, Klimstra WB, Bittman R, Wilschut J. 2002. Adaptation of alphaviruses to heparan
sulfate: interaction of sindbis and semliki forest viruses with liposomes containing lipid-conjugated heparin.
Journal of Virology 76:10128-10137. DOI: https://doi.org/10.1128/JVI.76.20.10128-10137.2002, PMID: 122392
87

Soumahoro MK, Boelle PY, Gaiizere BA, Atsou K, Pelat C, Lambert B, La Ruche G, Gastellu-Etchegorry M,
Renault P, Sarazin M, Yazdanpanah Y, Flahault A, Malvy D, Hanslik T. 2011. The Chikungunya epidemic on la
réunion island in 2005-2006: a cost-of-illness study. PLOS Neglected Tropical Diseases 5:e1197-e1199.

DOI: https://doi.org/10.1371/journal.pntd.0001197, PMID: 21695162

Stoermer KA, Burrack A, Oko L, Montgomery SA, Borst LB, Gill RG, Morrison TE. 2012. Genetic ablation of
arginase 1 in macrophages and neutrophils enhances clearance of an arthritogenic Alphavirus. The Journal of
Immunology 189:4047-4059. DOI: https://doi.org/10.4049/jimmunol.1201240, PMID: 22972923

Suhrbier A, Jaffar-Bandjee MC, Gasque P. 2012. Arthritogenic alphaviruses—an overview. Nature Reviews
Rheumatology 8:420-429. DOI: https://doi.org/10.1038/nrrheum.2012.64, PMID: 22565316

Suzuki H, Kurihara Y, Takeya M, Kamada N, Kataoka M, Jishage K, Ueda O, Sakaguchi H, Higashi T, Suzuki T,
Takashima Y, Kawabe Y, Cynshi O, Wada Y, Honda M, Kurihara H, Aburatani H, Doi T, Matsumoto A, Azuma S,
et al. 1997. A role for macrophage scavenger receptors in atherosclerosis and susceptibility to infection. Nature
386:292-296. DOI: https://doi.org/10.1038/386292a0, PMID: 9069289

Tabula Muris Consortium, Overall coordination, Logistical coordination, Organ collection and processing,
Library preparation and sequencing, Computational data analysis, Cell type annotation, Writing group,
Supplemental text writing group, Principal investigators. 2018. Single-cell transcriptomics of 20 mouse organs
creates a tabula muris. Nature 562:367-372. DOI: https://doi.org/10.1038/s41586-018-0590-4, PMID: 302
83141

Thiberville SD, Boisson V, Gaudart J, Simon F, Flahault A, de Lamballerie X. 2013. Chikungunya fever: a clinical
and virological investigation of outpatients on reunion island, South-West indian ocean. PLOS Neglected
Tropical Diseases 7:e2004. DOI: https://doi.org/10.1371/journal.pntd.0002004, PMID: 23350006

Tsetsarkin K, Higgs S, McGee CE, De Lamballerie X, Charrel RN, Vanlandingham DL. 2006. Infectious clones of
chikungunya virus (La réunion isolate) for vector competence studies. Vector-Borne and Zoonotic Diseases 6:
325-337. DOI: https://doi.org/10.1089/vbz.2006.6.325, PMID: 17187566

van Lookeren Campagne M, Wiesmann C, Brown EJ. 2007. Macrophage complement receptors and pathogen
clearance. Cellular Microbiology 9:2095-2102. DOI: https://doi.org/10.1111/].1462-5822.2007.00981 %,

PMID: 17590164

Van Rooijen N. 1989. The liposome-mediated macrophage ‘suicide’ technique. Journal of Immunological
Methods 124:1-6. DOI: https://doi.org/10.1016/0022-1759(89)90178-6, PMID: 2530286

Van Rooijen N, Sanders A. 1994. Liposome mediated depletion of macrophages: mechanism of action,
preparation of liposomes and applications. Journal of Immunological Methods 174:83-93. DOI: https://doi.org/
10.1016/0022-1759(94)20012-4, PMID: 8083541

Vanlandingham DL, Hong C, Klingler K, Tsetsarkin K, McElroy KL, Powers AM, Lehane MJ, Higgs S. 2005a.
Differential infectivities of o’nyong-nyong and Chikungunya virus isolates in anopheles gambiae and aedes
aegypti mosquitoes. The American Journal of Tropical Medicine and Hygiene 72:616-621. DOI: https://doi.
org/10.4269/ajtmh.2005.72.616, PMID: 15891138

Vanlandingham DL, Tsetsarkin K, Hong C, Klingler K, McElroy KL, Lehane MJ, Higgs S. 2005b. Development and
characterization of a double subgenomic chikungunya virus infectious clone to express heterologous genes in
aedes aegypti mosquitoes. Insect Biochemistry and Molecular Biology 35:1162-1170. DOI: https://doi.org/10.
1016/j.ibmb.2005.05.008, PMID: 16102421

Vaughn DW, Green S, Kalayanarooj S, Innis BL, Nimmannitya S, Suntayakorn S, Endy TP, Raengsakulrach B,
Rothman AL, Ennis FA, Nisalak A. 2000. Dengue viremia titer, antibody response pattern, and virus serotype

Carpentier et al. eLife 2019;8:e49163. DOI: https://doi.org/10.7554/eLife.49163 25 of 26


https://doi.org/10.1186/s13071-014-0590-7
http://www.ncbi.nlm.nih.gov/pubmed/25500154
https://doi.org/10.12688/f1000research.8235.1
http://www.ncbi.nlm.nih.gov/pubmed/27081477
https://doi.org/10.1371/journal.pntd.0002137
http://www.ncbi.nlm.nih.gov/pubmed/23556021
https://doi.org/10.1002/eji.1830271023
http://www.ncbi.nlm.nih.gov/pubmed/9368619
https://doi.org/10.1128/JVI.03116-13
http://www.ncbi.nlm.nih.gov/pubmed/24371059
https://doi.org/10.1128/JVI.76.20.10128-10137.2002
http://www.ncbi.nlm.nih.gov/pubmed/12239287
http://www.ncbi.nlm.nih.gov/pubmed/12239287
https://doi.org/10.1371/journal.pntd.0001197
http://www.ncbi.nlm.nih.gov/pubmed/21695162
https://doi.org/10.4049/jimmunol.1201240
http://www.ncbi.nlm.nih.gov/pubmed/22972923
https://doi.org/10.1038/nrrheum.2012.64
http://www.ncbi.nlm.nih.gov/pubmed/22565316
https://doi.org/10.1038/386292a0
http://www.ncbi.nlm.nih.gov/pubmed/9069289
https://doi.org/10.1038/s41586-018-0590-4
http://www.ncbi.nlm.nih.gov/pubmed/30283141
http://www.ncbi.nlm.nih.gov/pubmed/30283141
https://doi.org/10.1371/journal.pntd.0002004
http://www.ncbi.nlm.nih.gov/pubmed/23350006
https://doi.org/10.1089/vbz.2006.6.325
http://www.ncbi.nlm.nih.gov/pubmed/17187566
https://doi.org/10.1111/j.1462-5822.2007.00981.x
http://www.ncbi.nlm.nih.gov/pubmed/17590164
https://doi.org/10.1016/0022-1759(89)90178-6
http://www.ncbi.nlm.nih.gov/pubmed/2530286
https://doi.org/10.1016/0022-1759(94)90012-4
https://doi.org/10.1016/0022-1759(94)90012-4
http://www.ncbi.nlm.nih.gov/pubmed/8083541
https://doi.org/10.4269/ajtmh.2005.72.616
https://doi.org/10.4269/ajtmh.2005.72.616
http://www.ncbi.nlm.nih.gov/pubmed/15891138
https://doi.org/10.1016/j.ibmb.2005.05.008
https://doi.org/10.1016/j.ibmb.2005.05.008
http://www.ncbi.nlm.nih.gov/pubmed/16102421
https://doi.org/10.7554/eLife.49163

e LI FE Research article

Microbiology and Infectious Disease

correlate with disease severity. The Journal of Infectious Diseases 181:2-9. DOI: https://doi.org/10.1086/
315215, PMID: 10608744

Vera-Maloof FZ, Saavedra-Rodriguez K, Elizondo-Quiroga AE, Lozano-Fuentes S, Black Ilv WC. 2015.
Coevolution of the lle1,016 and Cys1,534 mutations in the voltage gated sodium channel gene of aedes
aegypti in Mexico. PLOS Neglected Tropical Diseases 9:¢0004263. DOI: https://doi.org/10.1371/journal.pntd.
0004263, PMID: 26658798

Vijayakumar K, George B, Anish TS, Rajasi RS, Teena MJ, Sujina CM. 2013. Economic impact of Chikungunya
epidemic: out-of-pocket health expenditures during the 2007 outbreak in Kerala, India. The Southeast Asian
Journal of Tropical Medicine and Public Health 44:54-61. PMID: 23682438

Volk SM, Chen R, Tsetsarkin KA, Adams AP, Garcia Tl, Sall AA, Nasar F, Schuh AJ, Holmes EC, Higgs S, Maharaj
PD, Brault AC, Weaver SC. 2010. Genome-scale phylogenetic analyses of Chikungunya virus reveal
independent emergences of recent epidemics and various evolutionary rates. Journal of Virology 84:6497—
6504. DOI: https://doi.org/10.1128/JVI.01603-09, PMID: 20410280

Voss JE, Vaney MC, Duquerroy S, Vonrhein C, Girard-Blanc C, Crublet E, Thompson A, Bricogne G, Rey FA.
2010. Glycoprotein organization of chikungunya virus particles revealed by X-ray crystallography. Nature 468:
709-712. DOI: https://doi.org/10.1038/nature09555, PMID: 21124458

Waggoner JJ, Gresh L, Vargas MJ, Ballesteros G, Tellez Y, Soda KJ, Sahoo MK, Nufiez A, Balmaseda A, Harris E,
Pinsky BA. 2016. Viremia and clinical presentation in nicaraguan patients infected with zika virus, Chikungunya
virus, and dengue virus. Clinical Infectious Diseases 63:1584-1590. DOI: https://doi.org/10.1093/cid/ciw589,
PMID: 27578819

Weaver SC. 2018. Prediction and prevention of urban arbovirus epidemics: a challenge for the global virology
community. Antiviral Research 156:80-84. DOI: https://doi.org/10.1016/j.antiviral.2018.06.009, PMID: 2
9906475

Wessels MR, Butko P, Ma M, Warren HB, Lage AL, Carroll MC. 1995. Studies of group B streptococcal infection
in mice deficient in complement component C3 or C4 demonstrate an essential role for complement in both
innate and acquired immunity. PNAS 92:11490-11494. DOI: https://doi.org/10.1073/pnas.92.25.11490, PMID:
8524789

Westhaus S, Deest M, Nguyen ATX, Stanke F, Heckl D, Costa R, Schambach A, Manns MP, Berg T, Vondran
FWR, Sarrazin C, Ciesek S, von Hahn T. 2017. Scavenger receptor class B member 1 (SCARB1) variants
modulate hepatitis C virus replication cycle and viral load. Journal of Hepatology 67:237-245. DOI: https://doi.
org/10.1016/j.jhep.2017.03.020, PMID: 28363797

Yap NV, Whelan FJ, Bowdish DM, Golding GB. 2015. The evolution of the scavenger receptor Cysteine-Rich
domain of the class A scavenger receptors. Frontiers in Immunology 6:342. DOI: https://doi.org/10.3389/
fimmu.2015.00342, PMID: 26217337

Zeller H, Van Bortel W, Sudre B. 2016. Chikungunya: its history in Africa and asia and its spread to new regions
in 2013-2014. Journal of Infectious Diseases 214:5436-S440. DOI: https://doi.org/10.1093/infdis/jiw391,
PMID: 27920169

Zeng Z, Surewaard BG, Wong CH, Geoghegan JA, Jenne CN, Kubes P. 2016. CRIg functions as a macrophage
pattern recognition receptor to directly bind and capture Blood-Borne Gram-Positive Bacteria. Cell Host &
Microbe 20:99-106. DOI: https://doi.org/10.1016/j.chom.2016.06.002, PMID: 27345697

Carpentier et al. eLife 2019;8:e49163. DOI: https://doi.org/10.7554/eLife.49163 26 of 26


https://doi.org/10.1086/315215
https://doi.org/10.1086/315215
http://www.ncbi.nlm.nih.gov/pubmed/10608744
https://doi.org/10.1371/journal.pntd.0004263
https://doi.org/10.1371/journal.pntd.0004263
http://www.ncbi.nlm.nih.gov/pubmed/26658798
http://www.ncbi.nlm.nih.gov/pubmed/23682438
https://doi.org/10.1128/JVI.01603-09
http://www.ncbi.nlm.nih.gov/pubmed/20410280
https://doi.org/10.1038/nature09555
http://www.ncbi.nlm.nih.gov/pubmed/21124458
https://doi.org/10.1093/cid/ciw589
http://www.ncbi.nlm.nih.gov/pubmed/27578819
https://doi.org/10.1016/j.antiviral.2018.06.009
http://www.ncbi.nlm.nih.gov/pubmed/29906475
http://www.ncbi.nlm.nih.gov/pubmed/29906475
https://doi.org/10.1073/pnas.92.25.11490
http://www.ncbi.nlm.nih.gov/pubmed/8524789
https://doi.org/10.1016/j.jhep.2017.03.020
https://doi.org/10.1016/j.jhep.2017.03.020
http://www.ncbi.nlm.nih.gov/pubmed/28363797
https://doi.org/10.3389/fimmu.2015.00342
https://doi.org/10.3389/fimmu.2015.00342
http://www.ncbi.nlm.nih.gov/pubmed/26217337
https://doi.org/10.1093/infdis/jiw391
http://www.ncbi.nlm.nih.gov/pubmed/27920169
https://doi.org/10.1016/j.chom.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27345697
https://doi.org/10.7554/eLife.49163

