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Ectopic expression of murine CD163 enables cell-culture 
isolation of lactate dehydrogenase-elevating virus 63 years after 
its discovery
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ABSTRACT Arteriviruses are RNA viruses related to coronaviruses but have not yet been 
associated with human infection. A murine arterivirus, lactate dehydrogenase-elevating 
virus (LDV), was first described in 1960 and quickly became a promising model for 
understanding immune failure due to its unique ability to persist in immunocompetent 
adult mice. However, the inability to culture LDV in vitro ultimately limited this system. 
Here, we demonstrate that the macrophage marker CD163 is essential for LDV infec­
tion. Expression of the murine homolog (mCD163) in otherwise mCD163-negative cell 
lines from mice and nonhuman primates enables productive LDV infection, creating 
the first immortalized cell-culture system. We also show that mCD163-knockout mice 
are completely resistant to LDV infection. These findings advance LDV as a model of 
arterivirus infection and viral persistence while adding to a growing body of literature 
suggesting that CD163 utilization is a broad feature of arteriviruses.

IMPORTANCE Mouse models of viral infection play an especially large role in virology. 
In 1960, a mouse virus, lactate dehydrogenase-elevating virus (LDV), was discovered and 
found to have the peculiar ability to evade clearance by the immune system, enabling 
it to persistently infect an individual mouse for its entire lifespan without causing overt 
disease. However, researchers were unable to grow LDV in culture, ultimately resulting 
in the demise of this system as a model of failed immunity. We solve this problem 
by identifying the cell-surface molecule CD163 as the critical missing component in 
cell-culture systems, enabling the growth of LDV in immortalized cell lines for the first 
time. This advance creates abundant opportunities for further characterizing LDV in 
order to study both failed immunity and the family of viruses to which LDV belongs, 
Arteriviridae (aka, arteriviruses).

KEYWORDS lactate dehydrogenase-elevating virus, arterivirus, CD163, porcine 
reproductive and respiratory syndrome virus, simian hemorrhagic fever virus, PRRSV, 
SHFV

A rteriviruses (Nidovirales: Arteriviridae) are positive-sense RNA viruses that produce 
enveloped particles (1, 2). Distinct arteriviruses have been discovered in metatheri­

ans (possums) and eutherians (hedgehogs, horses, monkeys, rodents, pigs, and shrews), 
suggesting a vast natural diversity of these viruses, with host-versus-virus phylogenetic 
comparisons revealing multiple cross-species transmission events (3–5). Five archetypal 
mammalian arteriviruses have been studied in the laboratory: equine arteritis virus 
(EAV), lactate dehydrogenase-elevating virus (LDV) of mice, simian hemorrhagic fever 
virus (SHFV), and porcine reproductive and respiratory syndrome viruses 1 and 2 
(PRRSV-1/2). These viruses can evade and antagonize host immune responses enabling 
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them to persist subclinically, often for the lifespans of the hosts. However, in a subset of 
individuals (e.g., newborns or non-natural hosts), arteriviruses can cause a range of 
diseases, including arteritides, spontaneous abortions, pneumonias, encephalitides, and 
hemorrhagic fevers (2).

LDV was first described in 1960 as a “transmissible enzymic lesion” that could be 
identified by an increase in serum lactate dehydrogenase activity in infected laboratory 
mice with experimental tumors (6). Despite being a lytic virus, LDV persists for the 
lifespan of the mouse—a rare feature among RNA viruses that resulted in its devel­
opment as a tool to interrogate mechanisms of failed immunity (7, 8). LDV infection 
robustly induces classic effectors of antiviral immunity (e.g., cytokines, antibodies, and 
cytotoxic T cells). However, these responses are incapable of exerting more than a 
modest antiviral effect on LDV replication and viremia (7). How LDV is capable of 
persisting in the presence of these immune responses remains largely unknown (7). The 
primary target of LDV infection appears to be a poorly defined yet renewable subpopula­
tion of macrophages within the peritoneum, spleen, liver, and bone marrow (7, 9, 10). 
Indeed, primary peritoneal macrophages can be productively infected with LDV ex vivo 
(11). Immortalized cell lines do not consistently support LDV replication but can produce 
infectious virus particles upon transfection of LDV genomic RNA, suggesting the absence 
of a critical receptor or host factor involved in virion entry (7, 12–14). The lack of reliable 
in vitro systems and increasingly sophisticated systems for manipulating lymphocytic 
choriomeningitis virus (LCMV; Bunyavirales: Arenaviridae), another semi-persistent virus 
of house and laboratory mice, ultimately led to the demise of LDV infection as a viral 
immunology model.

Arteriviruses in general appear to be highly restricted in cell tropism. LDV is unable 
to replicate in immortalized cell lines, and PRRSV-1/2 and SHFV, for instance, can be 
propagated only in a very limited set of immortalized cell lines (e.g., MA-104 and its 
derivatives) (1). Thus, a conundrum exists in arterivirus research: LDV cannot be studied 
easily in vitro, and in vivo studies of other arteriviruses can only be performed in large and 
relatively intractable animal systems (e.g., horses, pigs, or monkeys).

The 3′ half of the arterivirus genome contains 8–12 overlapping open reading frames 
(ORFs) that are expressed as a nested set of subgenomic RNAs that serve as templates for 
mRNA synthesis (1, 2). Many of these ORF products are inserted and/or protrude from the 
arterivirion membrane, resulting in an unusually large number of virion surface proteins 
available for multivalent interactions with host attachment factors and receptors (15, 
16). The large number of surface proteins, their relatively small ectodomains available 
for antibody recognition, and the high degree of ectodomain glycosylation may all be 
contributing factors in LDV’s persistence (7).

The unique features of the arterivirion surface proteins have also hindered identifica­
tion of bona fide arterivirus receptors, although several have been proposed. Of these, 
only porcine CD163, the cell-surface hemoglobin:haptoglobin scavenger receptor that 
also serves as a specific marker for tissue-resident macrophages, has been determined to 
be essential for PRRSV-1/2 infection in vivo (17, 18).

We recently demonstrated that primate CD163 orthologs enable SHFV infection of 
multiple cell lines (19), suggesting that CD163 utilization may be a broader feature 
of arterivirus biology than previously recognized. Consequently, we hypothesized that 
murine CD163 (mCD163) is the receptor for LDV and could be the missing critical host 
factor required for LDV growth in cell culture.

RESULTS

Murine myeloid cell lines resistant to LDV infection do not express mCD163

Using the well-characterized Plagemann strain of LDV (LDVp) (7), we first created a 
virus stock and quantified viral RNA using LDVp­specific real-time reverse transcrip­
tion polymerase chain reaction (RT-qPCR); the copy number for the nucleocapsid (N) 
gene was determined using a synthetic RNA standard curve. Next, we performed a 
24-h growth curve on primary cells collected via peritoneal lavage (i.e., peritoneal 
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macrophages)—commonly used for propagating LDV ex vivo (11, 20)—and several 
immortalized cell lines (house mouse RAW 264.7 macrophages, laboratory mouse ImKC 
Kupffer cells, laboratory mouse BV-2 microglia, house mouse J774A.1 macrophages, 
and laboratory mouse NIH/3T3 fibroblasts). Cells were inoculated, and LDVp RNA was 
extracted from supernatants and quantified by RT-qPCR. As expected, primary peritoneal 
cells supported robust LDVp replication, whereas immortalized cell lines did not (Fig. 
1a). Using RT-qPCR with mCD163 gene­specific primers, we readily detected mCD163 
mRNA in primary peritoneal lavage cells but failed to detect mCD163 mRNA in any of the 
immortalized cell lines (Fig. 1b).

Ectopic expression of mCD163 renders multiple murine cells susceptible to 
LDV

Using RNA extracted from laboratory mouse peritoneal monocytes and macrophages, 
we cloned cDNA encoding mCD163 transcript variant 1 (gene ID: 93671) into multiple 
systems for stable expression. Introduction of these mCD163 constructs into immortal­
ized murine cell lines resulted in mCD163 expression, as detected by flow cytometry (Fig. 
2a; Fig. S1). Upon inoculation with LDVp, all mCD163+ cell lines (except BV-2) produced 
detectable LDVp RNA in the culture supernatants over time (Fig. 2b). NIH/3T3 + mCD163 
cells were unique in their ability to form adherent monolayers and develop substantial 
cytopathic effects (Fig. S2), making them an obvious choice for plaque assay develop­
ment. Inoculation with LDVp, followed by methylcellulose overlay, indeed resulted in 
visible plaques (Fig. 2c). Together, these data indicate that mCD163 is a necessary factor 
required for production of infectious LDVp.

Divergent LDV strains require mCD163 for infection

LDVp is a distinct LDV strain that is highly resistant to antibody neutralization in vivo 
(21, 22). To determine whether other strains of LDV also required mCD163 for infection, 
we acquired LDV C strain (LDVc), which, in contrast to LDVp, is highly immunogenic 
(23–25). We also obtained a previously uncharacterized LDV strain from a wild house 

FIG 1 Murine myeloid cell lines resistant to LDV infection do not express mCD163. (a) LDVp replication in murine cells. Cells collected from laboratory mice 

by peritoneal lavage (pastel red) or immortalized murine cell lines (black) were inoculated with an MOI of 0.07 LDVp N gene copies per cell. LDVp RNA in the 

supernatant was quantified by LDVp­specific RT-qPCR after 24 h. Error bars show the standard error of the mean (SEM). Statistical significance was determined 

using one-way analysis of variance (ANOVA) with a no-cell control as a reference, with **** representing P < 0.0001. (b) mCD163 expression in murine cells. 

RNA was extracted from 2.5 × 105 to 1 × 106 cells and subjected to RT-qPCR to detect mCD163 (pastel red) or actin beta (black) or mRNA. Ct, cycle threshold; 

LDVp, lactate dehydrogenase-elevating virus Plagemann strain; LoD, limit of detection; mCD163, murine CD163 molecule; MOI, multiplicity of infection; N, 

nucleocapsid gene RT-qPCR, real-time reverse transcription polymerase chain reaction. Graphs show one of two independent repeats.
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mouse, which we termed LDVw. Viruses were propagated by intraperitoneal inoculation 
of laboratory mice, and stocks were made by bleeding mice at 24 h post-inoculation 
and diluting serum in phosphate­buffered saline (PBS). Deep sequencing of LDV stocks 
revealed many consensus-level differences between published LDV sequences (24, 
26) and our LDV stocks (Fig. 3a). Phylogenetic comparisons with other arteriviruses 
showed that LDVp, LDVc, and LDVw form a monophyletic clade, with LDVw most 
closely related to LDVp (Fig. 3a and b), sharing 86.8% nucleotide identity. LDVc is 
more divergent, sharing 78.5% and 77.6% nucleotide identity with LDVp and LDVw, 
respectively. Differences among these three LDV strains are spread unevenly across the 
genome, with the N gene being most highly conserved. The greatest divergence was 
seen in polyprotein 1a and regions in which ORFs overlapped (Fig. 3c). Despite these 
differences, all LDV strains productively infected NIH/3T3 fibroblasts expressing mCD163 
but did not infect NIH/3T3 empty-vector cells (Fig. 3d and e).

FIG 2 Ectopic expression of mCD163 renders multiple murine cells susceptible to LDV. (a) Expression of mCD163 in murine cells. Flow cytometry dot plots of 

murine cell lines transduced with empty vector (top) or mCD163-expressing (bottom) retroviruses and stained with anti-mCD163 antibody (red), isotype control 

antibody (gray), or unstained (black) after fixation and permeabilization. (b) LDVp replication in murine cell lines ectopically expressing mCD163. Inoculation of 

the same cell lines shown in panel a (empty vector, black with open circles; +mCD163, red with solid circles) with LDVp (MOI = 0.07 N gene copies per cell). After 

1 h, inocula were removed (except for LADMAC because it is a suspension cell line), cells were washed, and supernatants were collected at 1, 24, 48, and 72 h 

post-inoculation. LDV RNA was quantified by RT-qPCR (n = 3 per group). Error bars show the standard error of the mean (SEM). (c) Plaque formation by LDVp 

in NIH/3T3 + mCD163 fibroblasts. Plaque assay for LDVp using a confluent monolayer of NIH/3T3 + mCD163 cells. A time course of LDVp (MOI 0.01 PFU) shows 

the production of LDVp RNA (measured by N gene copies; dashed line) vs LDVp (measured by PFU; solid line) over time (n = 3 per group). IgG, immunoglobulin 

G; LDVp, lactate dehydrogenase-elevating virus Plagemann strain; mCD163, murine CD163 molecule; MOI, multiplicity of infection; N, nucleocapsid gene; PFU, 

plaque-forming units; RT-qPCR, real-time reverse transcription polymerase chain reaction. Graphs show one of two independent repeats.
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FIG 3 Divergent LDV strains require mCD163 for infection. LDV strains were propagated once in laboratory mice and then analyzed by deep sequencing. 

(a) Comparison of coding-complete LDV strain genome sequences obtained during this study (ochre, purple, red) with previously reported sequences (black). 

Percent identities are shown in the lower left of the table, with increasing sequence divergence heat mapped toward darker shades of blue. Numbers of 

nucleotide differences between each coding-complete genome are shown in the upper right of the table, with increasing sequence divergence heat mapped 

toward darker shades of red. (b) Phylogeny based on the coding-complete genomes of the archetypal arteriviruses (GenBank accession number in parentheses), 

including LDV strains used in this study (colored as in panel a). The tree is drawn to scale, with branch lengths measured in the number of substitutions per site 

(scalebar). Bootstrap support is 100% support for each node. (c) Schematic of the ORFs spanning the LDV genome, with simplot analyses comparing amino acid 

changes corresponding to the proteins encoded by each ORF displayed for LDVp, LDVc, and LDVw underneath. (d) CPE of divergent LDV strains

(Continued on next page)
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Ectopic expression of mCD163 renders grivet cells permissive to LDV 
infection

PRRSV-1/2 and SHFV productively infect embryonic grivet MA-104 kidney cells, but LDV 
does not. We hypothesized that this discrepancy could be due to subtle difference 
among CD163 orthologs and thus expressed mCD163 in MA-104 cells (Fig. 4a; Fig. 
S3). Indeed, MA-104 + mCD163 cells produced infectious LDV after inoculation with 
any of the three LDV strains, as determined by plaque assay (Fig. 4a through d; Fig. 
S4), and cytopathic effect was observed. Given the propensity for NIH/3T3 fibroblasts 
to spontaneously differentiate into adipocyte-like cells upon reaching confluency (27), 
MA-104 + mCD163 cells likely represent a more stable and reproducible cell line for 
future in vitro work with LDV and related arteriviruses.

CD163 is required for LDV infection in laboratory mice

To examine the importance of CD163 for LDV infection in primary cells, we obtained 
homozygous mCD163-knockout (mCD163−/−) mice. As expected, cells sampled via 
peritoneal lavage from mCD163−/− mice did not express mCD163, whereas ≈3% of 
cells from wild-type mice were positive for mCD163 expression by flow cytometry 
(Fig. 5a; Fig. S5). Peritoneal lavage cell cultures from wild-type mice supported robust 
LDVp replication, but peritoneal lavage cell cultures from mCD163−/− mice did not 
(Fig. 5b). To extend these findings, wild-type (mCD163+/+), heterozygous mCD163-knock­
out (mCD163+/−), and mCD163−/− littermates were intraperitoneally injected with LDVp. 
Heterozygous mCD163 expression had no effect on LDVp viremia compared to wild-type 
homozygous CD163 expression, as determined by LDVp­specific RT-qPCR. However, 
homozygous mCD163−/− mice had significantly lower viral loads at 1 d post-inoculation 
and undetectable LDVp RNA in sera by 15 d post-inoculation (Fig. 5c). To broaden these 
findings to the other LDV strains, we inoculated mCD163−/− mice with LDVp, LDVc, or 
LDVw and measured viral loads by plaque assay. Viremia was not detectable at any 
timepoint in LDV-inoculated mCD163−/− mice, whereas inoculation of wild-type mice 
resulted in high-titer viremia (Fig. 5d). To further examine the extent to which LDV 
relies on mCD163 for infection in vivo, we performed in situ hybridization using samples 
of spleens—a well-described site of acute-phase LDVp replication (9)—collected from 
wild-type and CD163−/− mice at 1 d post-inoculation. Splenic tissues from wild-type 
mice revealed robust staining of LDVp RNA that localized to the white pulp; however, 
LDVp RNA staining in splenic tissues from CD163−/− mice was similar to LDVp staining in 
spleens from LDV-unexposed wild-type mice (Fig. 5e).

DISCUSSION

Mouse models are essential for understanding how the immune system responds to 
viral infection. In the 1960s, LDV was discovered; its ability to persist in the blood of 
mice indefinitely held great promise for interrogating immune function and mechanisms 
of immune failure. However, unlike other model viruses (or other arteriviruses), LDV 
would not replicate in immortalized cell lines, ultimately limiting its utility. In this study, 
we showed that mCD163—a host molecule with expression restricted to the known 
LDV target cell (macrophages)—is required for LDV infection and is notably absent 
on immortalized murine macrophage cell lines. Introduction of mCD163 into various 
cell lines enabled growth of LDV in immortalized cells, and knockout of mCD163 in 

FIG 3 (Continued)

on NIH/3T3 + mCD163 or mock-transfected cells at 3 d post-inoculation with an MOI = 0.01. (e) Plaque titration of LDV strain production in supernatants of 

NIH/3T3 + empty vector cells (open circles) and NIH/3T3 + mCD163 cells (solid circles) over time (n = 3 per group). Error bars show the standard error of the 

mean (SEM). Sequencing and plaque time-course experiments were performed once. CPE, cytopathic effect; E, envelope protein EAV, equine arteritis virus; GP, 

glycoprotein; LDV, lactate dehydrogenase-elevating virus; LDVc, LDV C strain; LDVp, LDV Plagemann strain; LDVw, LDV wild house mouse strain; M, membrane 

protein mCD163, murine CD163 molecule; MOI, multiplicity of infection; N, nucleocapsid protein PRRSV, porcine reproductive and respiratory syndrome virus; 

SHFV, simian hemorrhagic fever virus.
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FIG 4 Ectopic expression of mCD163 renders grivet cells permissive to LDV infection. (a) Quantification of mCD163 in MA-104 

cells by flow cytometry after fixation and permeabilization. (b) Representative photos of CPE of MA-104 cells inoculated with 

LDV strains at an MOI of 0.01 taken 4 d post-inoculation. (c) Plaque titration of LDV strain production in supernatants of 

MA-104 + empty vector cells (open circles) and MA-104 + mCD163 cells (solid circles) over time (n = 3 per group). Error bars 

show the standard error of the mean (SEM). (d) Plaque assays on MA-104 + mCD163. Experiments were performed once. 

CPE, cytopathic effect; IgG, immunoglobulin G; LDV, lactate dehydrogenase-elevating virus; LDVc, LDV C strain; LDVp, LDV 

Plagemann strain; LDVw, LDV, wild house mouse strain; mCD163, murine CD163 molecule; MOI, multiplicity of infection.
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laboratory mice rendered them completely resistant to LDV infection. Our discovery 
of mCD163 as the putative receptor for LDV has enabled the creation of systems for 
culturing LDV in immortalized cell lines. With this advance, we have created a tractable, 
small-animal laboratory system for studying arterivirus biology both in vitro and in vivo. 
The mouse as a host for this “complete set” of tools creates abundant opportunities to 

FIG 5 CD163 is required for LDV infection in laboratory mice. (a) mCD163 expression in laboratory mouse peritoneal cells. Flow cytometry dot plots of freshly 

collected peritoneal cells from wild-type (left) or mCD163−/− (right) mice stained with anti-mCD163 antibody (red), isotype control antibody (gray), or unstained 

(black) after fixation and permeabilization. (b) LDVp replication in mouse peritoneal cells. Production of LDVp RNA (left) or formation of plaque-forming units 

(right) in wild-type (red [top plot lines]) and mCD163−/− (black [bottom plot lines]) mice over time (n = 3 per group). (c) LDV viremia in wild-type (mCD163+/+, 

red, n = 3), heterozygous mCD163-knockout (mCD163+/− , blue, n = 11), and homozygous mCD163-knockout (mCD163−/−, black [bottom plot lines], n = 5) 

littermates inoculated intraperitoneally with 7 × 106 N gene copies of LDVp. Serum viral loads were quantified using LDVp­specific RT-qPCR at 1, 5, and 15 d 

post-inoculation. Statistical significance was determined using one-way analysis of variance (ANOVA) with wild type as the reference, with **** representing 

P < 0.0001. (d) mCD163+/+ [colored (top plot lines)] and homozygous mCD163−/− [black (bottom plot lines)] mice were inoculated intraperitoneally with 1 × 

104 PFU/mL of LDVp, LDVc, or LDVw (n = 3 per group), and serum viral loads were quantified by plaque assay on MA-104 + mCD163 cells at 1, 5, and 15 

d post-inoculation. (e) Representative staining of LDV RNA in the spleens of unexposed wild-type mice (left), LDV-inoculated wild-type mice (middle), and 

LDV-inoculated mCD163−/− mice (right) at 1 d post-exposure using LDV­specific in situ hybridization (brown) counterstained with Gill’s hematoxylin. The dashed 

line demarcates the red pulp (lighter staining tissue) from the white pulp (stained blue). Experiments were performed once. dpi, day post-inoculation; IgG, 

immunoglobulin G; LDV, lactate dehydrogenase-elevating virus; LDVc, LDV C strain; LDVp, LDV Plagemann strain; LDVw, LDV, wild house mouse strain; mCD163, 

murine CD163 molecule; PFU, plaque-forming units; RT-qPCR, real-time reverse transcription polymerase chain reaction.
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leverage the extensive suite of murine reagents and transgenic systems to study LDV for 
the advancement of several scientific objectives.

First, this discovery should reposition LDV as a model of viral persistence and immune 
failure. The successful use of LCMV as an immunological tool provides a blueprint for 
advancing the LDV model within this objective. Given the likely differences in persistence 
mechanisms between LCMV and LDV, we anticipate that further defining the mecha­
nisms of immune failure and persistence in LDV infection will provide unique insights 
into immune function. Although persistent RNA viruses have long been a bane to human 
health (e.g., human immunodeficiency viruses, human T cell lymphotropic viruses, and 
hepatitis C virus), the ability of “acute” viruses to persistently infect some individuals 
(i.e., Ebola virus and SARS-CoV-2)—with significant implications for viral pathogenesis, 
immunopathogenesis, and disease transmission—highlights the urgent need for new 
insights into mechanisms of immune failure against viruses. Given the critical role of 
laboratory mice in immunology research, it seems plausible that the LDV model may be 
leveraged in parallel with LCMV to draw more generalizable knowledge out of immunol­
ogy studies using models of viral persistence.

Second, the advancement of the LDV model also has implications for defining host 
barriers to viral infection. Arteriviridae is the only family of mammalian RNA viruses that 
does not have members known to infect humans (28). However, several features of 
arteriviruses—their vast genetic diversity, history of cross-species transmission, ability to 
cause a range of diseases, and extraordinary immune-evasion capabilities—would pose 
unique challenges if an arterivirus were to emerge in humans (7, 29). Indeed, there is 
growing concern that some arteriviruses pose an underrecognized zoonotic threat (19, 
30, 31). Without correlates of natural protection (due to infection), current pandemic-pre­
paredness “platform” technologies that rely upon effective anti-viral immune responses 
(i.e., vaccines and therapeutic antibodies) are likely to fail against arteriviruses. If an 
arterivirus were to emerge in humans, the systems, methods, and tools achieved in this 
study would be vital in the development of effective medical countermeasures. At the 
very least, the LDV model now seems positioned to advance countermeasures against 
PRRSV-1/2, which is a significant and ongoing threat to the global swine industry.

Finally, the discovery of mCD163 as the likely receptor for LDV will also enable 
studies to dissect the molecular barriers to arterivirus cross-species transmission, 
providing an evidence-based zoonotic risk assessment for viruses in this family. With 
the tools and methods described herein, isolation and mechanistic studies of additional 
rodent arteriviruses—thus far only identified via metagenomic surveys—are now readily 
achievable. More specifically, CD163 appears to be a key molecular determinant of 
arterivirus species and tissue tropism (18, 31). Our finding that LDV can efficiently infect 
grivet MA-104 cells complemented with mCD163 extends this idea, suggesting that, at 
least in some scenarios, CD163 compatibility may be the sole determinant of arterivirus 
spillover into new hosts. Considering the growing evidence for CD163 utilization as a 
generalizable feature of arterivirus infection (with the notable exception of EAV), ectopic 
expression of CD163 orthologs from natural hosts may enable the isolation (and/or 
rescue of molecular clones) of previously non-cultivable arteriviruses.

MATERIALS AND METHODS

Virus nomenclature

Historically, abbreviations for LDV strains have been somewhat inconsistently applied. 
For example, the Plagemann strain has been abbreviated as LDV-P, LDVP, and LDVp, with 
LDVP used most frequently. This contrasts with the hyphenated abbreviation for LDV-C. 
To generate consistency across strains within this paper, we have opted to identify each 
strain by a lowercase letter immediately following “LDV” (e.g., LDVp, LDVc, and LDVw).
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Viruses

Material containing LDVp and LDVw was provided for these studies by K.F. LDVw was 
isolated from a wild rodent in 1994–1995 by K.F. and Peter Plagemann; no other 
metadata on this isolate is currently available. Material containing LDVc was provided 
by M.B. To generate LDV stocks, wild-type C57BL/6J laboratory mice (3–6 weeks of age) 
obtained from Jackson Laboratories (via the Mouse Breeding Core at the University of 
Wisconsin–Madison, Madison, WI, USA) were inoculated intraperitoneally with ≈50 µL of 
source material and euthanized via CO2 asphyxiation at 24 h post-inoculation, at which 
time maximal blood draws were performed. Purified sera were diluted in PBS + 2% 
heat-inactivated fetal calf serum (FCS, Omega Scientific, Tarzana, CA, USA) and frozen in 
300-µL aliquots at −80°C.

Cell lines

House mouse (Mus musculus Linnaeus, 1758) RAW 264.7 macrophages, laboratory 
mouse BV-2 microglia, laboratory mouse NIH/3T3 fibroblasts, and house mouse LADMAC 
monocyte macrophages were obtained from Michael Diamond (Washington Univer­
sity in St. Louis, MI, USA). Embryonic grivet [Chlorocebus aethiops (Linnaeus, 1758)] 
MA-104 kidney cells were obtained from Megan Baldridge (Washington University in 
St. Louis). House mouse J774A.1 macrophages were obtained from the American Type 
Culture Collection (ATCC, Manassas, VA, USA). Laboratory mouse ImKC Kupffer cells 
were obtained from Millipore-Sigma. All cells were maintained according to recommen­
dations by ATCC and/or the manufacturers, including monthly testing for mycoplasma 
contamination (none identified). Optimal concentrations of puromycin, blasticidin, and 
hygromycin (Gibco, Billings, MT, USA) were empirically determined for each vector × cell 
line combination. Photographs of cells were obtained on a Rebel microscope (Echo, San 
Diego, CA, USA).

In vitro LDV growth kinetics

Virus was added to adherent cell cultures at the appropriate MOI when cells were ≈70–
90% confluent, in the minimal amount of media (2% FCS) required to cover the cells. 
Cultures were incubated at 37°C for 1 h, with rocking every 15 min, followed by removal 
of inocula and three washes with PBS. Cell­specific media (per ATCC recommendation) 
were then added to wells and collected at specified time points for storage at −80°C until 
titration by RT-qPCR or plaque assay.

LDV plaque assay

Tenfold serial dilutions of each sample were made in Dulbecco’s modified eagle’s 
medium + 2% FCS (Gibco, Omega Scientific), and 400 µL of each dilution was added 
to confluent monolayers of cells in a 24-well plate (TPP, Trasadingen, CHE). Assay plates 
were incubated at 37°C for 1 h, with rocking every 15 min, followed by an overlay of 400 
µL of 2% methylcellulose (Sigma-Aldrich, St. Louis, MO, USA) + 2× minimum essential 
medium (Gibco) + 1% FCS. Optimal plaques were visualized at 3 d post-inoculation by 
fixing cells for 30 min with 4% paraformaldehyde (PFA) in PBS then staining with 0.05% 
crystal violet (Sigma-Aldrich) in methanol. Plaque counts were tabulated manually.

Ectopic expression of host genes

Initial mCD163 trans-complementation experiments utilized the pLHCX retroviral vector 
(32), pCS2-mGP encoding murine leukemia virus gag-pol (32), and pCMV-VSV-g 
(Cat#8454; AddGene, Watertown, MA, USA), as described in Warren et al. (31); later 
experiments utilized the Sleeping Beauty transposase system (33). All pSBbi vectors 
were obtained from AddGene. mCD163 was RT-PCR amplified from murine perito­
neal macrophages using primers containing homology arms for Gibson assembly (in 
parentheses in primers, below) into pSBbi vectors cut with SfiI (New England Biolabs, 
Ipswich, MA, USA):
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Forward primer: 5′-
GTGTCGTGAAAACTACCCCAAGCTGGCCTCTGAGGCC)ACGGAGCCATCAAAATCAT
C-3′; reverse primer: 5′-
AGAGAATTGATCCCCAAGCTTGGCCTGACAGGCC)GCCATCTCCAGGGCTATACA-3′.

Collection of murine peritoneal cells

Mice were euthanized via CO2 asphyxiation in compliance with approved University of 
Wisconsin–Madison Institutional Animal Care and Use Committee procedures. Following 
euthanasia, overlying skin was carefully removed from the peritoneum, and 5 mL of 
ice cold Roswell Park Memorial Institute medium (RPMI; Gibco) supplemented with 
10% fetal bovine serum (FBS; Omega Scientific), 1% 4-(2-hydroxyethyl)-1-piperazinee­
thanesulfonic acid (HEPES; Gibco), 1% sodium pyruvate (Gibco), 1% L-glutamine, and 
1% antibiotic/antimycotic (Gibco) was injected into the peritoneal cavity using a 5-mL 
syringe and 25 g needle. Once filled, a curved hemostat was used to clamp the injection 
site, and the cavity was manually agitated for 2 min. Liquid was recovered using a 25 g 
needle and a 5-mL syringe and then placed into a 15-mL conical tube on ice. Cells were 
recovered by centrifugation at 500 × g for 5 min and then plated for experiments in RPMI 
+ 10% FBS + 1% HEPES + 1% sodium pyruvate + 50 µg/mL gentamicin (Gibco).

RNA extraction

RNA was extracted from sera or cells using the KingFisher Flex (Thermo Fisher Scien­
tific, Waltham, MA, USA) with MagMax reagents. Carrier RNA was omitted for cellu­
lar samples and those destined for sequence-independent single-primer amplification 
(SISPA) sequencing but included when RNA was extracted from serum.

Virus sequencing and informatics

cDNA was generated from extracted RNA using a revised SISPA approach. First, 30 µL of 
extracted total nucleic acids was treated with TURBO DNase (Thermo Fisher Scientific) 
and concentrated to 10 µL with an RNA Clean & Concentrator-5 kit (Zymo Research, 
Irvine, CA, USA). Next, 1 µL of Primer A [40 pmol/µL; 5′-GTT TCC CAC TGG AGG ATA-
(N9)-3′] was added to 4 µL of concentrated viral RNA and heated in a thermocycler at 
65°C for 5 min and cooled at 4°C for 5 min. Reverse transcription was performed by 
adding 5 µL of Superscript IV (SSIV) reverse transcription master mix containing 1 µL of 
deoxyribonucleotide triphosphate (dNTP; 10 mM), 0.5 µL of dithiothreitol (0.1 M), 1 µL 
of PCR water, 2 µL of 5× RT buffer, and 0.5 µL of SSIV RT to the reaction mix. The mix 
was incubated in a thermocycler at 42°C for 10 min. Second-strand cDNA synthesis was 
performed by adding 5 µL of Sequenase reaction mix (3.85 µL of PCR water, 1 µL of 5× 
Sequenase reaction buffer, and 0.15 µL of Sequence enzyme) to the reaction mix and 
incubating at 37°C for 8 min. After incubation, 0.45 µL of the Sequenase dilution buffer 
and 0.15 µL of Sequenase were added to the reaction mix and incubated at 37°C for 
8 min. To amplify the cDNA, 5 µL of the cDNA was added to 45 µL of the Primer B reaction 
mix containing 0.5 µL of AccuTaq LA DNA polymerase, 5 µL of AccuTaq LA 10× buffer, 
1 µL of Primer B (100 pmol/µL; 5′-GTT TCC CAC TGG AGG ATA-3′), 2.5 µL of dNTP (10 mM), 
1 µL of dimethyl sulfoxide, and 35 µL of PCR water. The cDNA was amplified using the 
following thermocycler conditions: 98°C for 30 s, 30 cycles (94°C for 15 s, 50°C for 20 s, 
and 68°C for 2 min), and 68°C for 10 min. After the incubation, the amplified PCR product 
was purified using AMPure XP beads (Beckman Coulter, Brea, CA, USA) at a 1:1 concentra­
tion and eluted in 50 µL of PCR water. The purified PCR products were quantified with 
the Qubit dsDNA high-sensitivity kit (Invitrogen, Waltham, MA, USA). SISPA-prepared 
cDNA material was submitted to the University of Wisconsin–Madison Biotechnology 
Center. Samples were prepared according to the QIAGEN FX DNA Library Preparation 
Kit (QIAGEN, Germantown, MD, USA). The quality and quantity of the finished libra­
ries were assessed using a Tapestation (Agilent, Santa Clara, CA, USA) and a Qubit 
dsDNA HS Assay Kit, respectively. Paired-end 150-bp sequencing was performed using 
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the NovaSeq6000 system (Illumina, San Diego, CA, USA). Coding-complete genome 
sequences were assembled from raw sequencing reads using de novo assembly and 
iterative mapping in Geneious Prime 2022.1.1. Annotations were then transferred from 
the previously published and annotated LDVp sequence (RefSeq #NC_001639) to newly 
obtained consensus sequences via a MUSCLE alignment. GenBank accession numbers for 
the viruses sequenced in this study are LDVc, OQ570965; LDVp, OQ570966; and LDVw, 
OQ570967. Percent-amino-acid identity plots were generated from MUSCLE alignments 
of translated proteins, with identity for each pairwise comparison calculated along a 
sliding window of seven amino acids and a step size of 1. This calculation and visualiza­
tions of the results are implemented in a Jupyter Notebook, available in Dryad.

Quantification of virus by RT-qPCR

A primer/probe set specific for the N gene of LDV was designed using Primer3 
(v. 0.4.0): F-5′-TGACTCCGGAGGGATCAAT-3′; R-5′-GCATTAATTAGCCGAACAGTGG-3′; P-5′-/
56-FAM/TCAGTTTCATGCTTCCAACG/3BHQ_1/-3′. An RNA standard was made by cloning 
a flanking segment of the LDV N ORF sequence into the pJET1.2/blunt vector (Invitro­
gen). After linearization of the construct, transcription was performed in vitro for 6 h 
with the MEGAscript T7 transcription kit (Invitrogen), followed by purification using 
the MEGAclear transcription cleanup kit (Invitrogen), quantification, and dilution to 
a concentration of 1 × 1010 transcript copies per microliter. Tenfold dilutions of this 
transcript were used as a standard curve, which was linear over 8 orders of magnitude 
and sensitive down to 10 copies of RNA transcript per reaction.

Viral RNA was extracted on the KingFisher Flex System (ThermoFisher) using the 
MagMAX Viral RNA kit. RNA was reverse transcribed and amplified using the TaqMan 
RNA-to-CT 1-Step Kit (ThermoFisher) on a QuantStudio 6 Pro Real-Time PCR instrument 
(Applied Biosystems, Waltham, MA, USA). Reverse transcription was performed at 48°C 
for 15 min followed by 2 min at 95°C. Amplification was accomplished over 50 cycles as 
follows: 95°C for 15 s and 60°C for 1 min. The reaction mixture contained final concentra­
tions of primers and probes of 500 and 100 nM, respectively.

Quantification of host genes by RT-qPCR

Primer/probe assays were ordered from IDT (Newark, NJ, USA). mCD163 forward 
primer: 5′-GTCCTCCTCATTGTCTTCCTC-3′; reverse primer: 5′-ATCCGCCTTTGAATCCAT­
CTC-3′; probe: 5′−56-FAM/AGTCGCTGA/ZEN/ATCTGTCGTCGCTTC/3IABkFQ-3′; actin beta 
forward primer: 5′-GATTACTGCTCTGGCTCCTAG-3′; reverse primer: 5′-GACTCATCGTAC­
TCCTGCTTG-3′; probe: 5′-CTGGCCTCACTGTCCACCTTCC-3′. RNA extraction was per­
formed on 2.5 × 105 to 1 × 106 cells, and RT-qPCR conditions were identical to those 
described above. Relative abundance of RNA was determined using 2-ΔCt with actin 
beta as the housekeeping gene followed by 2-ΔCt log10 transformation.

CD163-knockout mice

Cryopreserved spermatocytes were obtained from MMRRC Stock # 046981-UCD (official 
name: C57BL/6N-Cd163tm1.1(KOMP)Vlcg/Mmucd), and in vitro fertilization was performed 
by the UW–Madison Animal Models Core using wild-type C57BL6/J females. mCD163 
knockout was confirmed using a custom genotyping assay (Transnetyx, Cordova, TN, 
USA). F1 heterozygous mCD163+/− were mated to generate homozygous mCD163−/− (i.e., 
knockout) mice, which were then maintained in the UW–Madison Mouse Breeding Core 
by breeding homozygous males and homozygous females.

Mouse exposure experiments

C57BL/6J mice 3–6 weeks of age of both sexes were inoculated by instilling 50 µL of virus 
inoculum into the peritoneal cavity. Blood was collected via the cheek-bleed method 
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using a sterile lancet and serum-separator microtainers (BD Lifesciences, Franklin Lakes, 
NJ, USA).

In situ hybridization

Tissues were placed in 10% neutral­buffered formalin immediately upon harvest and 
allowed to fix for 3 d. Tissues were embedded in paraffin, and slices were mounted on 
glass slides. LDV RNA was visualized by in situ hybridization using a custom LDV probe 
targeting the N ORF and the RNAscope 2.0 HD detection kit (Advanced Cell Diagnostics, 
Newark, CA, USA) according to the manufacturer’s instructions with Gill’s hematoxylin 
counterstain.

Quantification of CD163 expression by flow cytometry

Adherent cells were detached with CellStripper (Corning, Corning, NY, USA) and 
transferred to a 96-well V-bottom plate (Corning). Cells were pelleted by centrifugation 
at 500 × g for 5 min to and washed with PBS (Gibco). Cell pellets were then stained with 
Zombie Violet fixable viability stain (Biolegend, San Diego, CA, USA) for 20 min in the 
dark. Cell pellets were either fixed/permeabilized using FoxP3 buffer kit (Invitrogen) and 
then stained for intracellular antigen or surface stained prior to fixation.

For fixing/permeabilization, cells were fixed in 1X buffer for 20 min in the dark. 
Cells were washed with a diluted 1X permeabilizing buffer with 1 mM ethylenediamine 
tetraacetic acid (EDTA). Non­specific Fc receptor binding to antibodies was blocked using 
mouse TruStain FcX (Biolegend), in 1X permeabilizing buffer + EDTA, according to the 
manufacturer’s instructions. Cells were resuspended in 1X permeabilizing buffer + EDTA 
with a monoclonal anti-mCD163 antibody (Invitrogen, Clone TNKUPJ, PerCP-eFluor 710) 
or an anti-rat immunoglobulin G 2 (IgG2) kappa isotype control antibody (Invitrogen, 
PerCP-eFluor 710) at the manufacturer’s recommended concentration. Cells were washed 
and kept in the 1X permeabilizing buffer +EDTA until running on the cytometer.

For staining/fixing, Fc receptor binding to antibodies was blocked using mouse 
TruStain FcX as done for fix/buffer samples, but in fluorescence­activated cell-sorting 
(FACS) buffer (PBS + 1 mM EDTA + 2% FCS). Cells were resuspended in FACS buffer 
with the anti-mCD163 antibody or anti-rat isotype control antibody at manufacturer’s 
recommended concentration. Cells were fixed in 4% PFA for 20 min, then washed 
with, and stored in FACS buffer until analysis. Cell samples were filtered using 100-µm 
nylon mesh prior to running on a Northern Lights full-spectrum flow cytometer (Cytek 
Biosciences, Bethesda, MD, USA). Amine Reactive Compensation beads (Invitrogen), 
UltraComp beads (Invitrogen), and unstained controls were used for establishing gates. 
Results were analyzed using FlowJo v10.8 software (BD Life Sciences).

Phylogenetic analysis

Arterivirus sequences were obtained from NCBI or, for the LDV strains used in this 
study, deep sequenced. Multiple sequence alignments were generated using MUSCLE 
in Geneious software with default parameters. Phylogenetic relationships were inferred 
using the maximum-likelihood method based on the Tamura-Nei model (34). The tree 
with the highest log likelihood (−102949.92) is shown in Fig. 3. Initial tree(s) for the 
heuristic search were obtained automatically by applying the Neighbor-Join and BioNJ 
algorithms to a matrix of pairwise distances, estimated using the Tamura-Nei model, and 
then selecting the topology with superior log likelihood value. The tree was drawn to 
scale, with branch lengths measured in the number of substitutions per site. Bootstrap 
analysis was used to test the robustness of the tree topology (1,000 resamplings). 
Evolutionary analyses were conducted in MEGA 11 (35, 36).
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