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Abstract 26 

The gammaherpesviruses (HVs) establish a lifelong infection in their hosts, with the 27 

cellular outcome of infection intimately regulated by target cell type. Murine 28 

gammaherpesvirus 68 (MHV68), a small animal model of HV infection, infects 29 

macrophages in vivo, resulting in a range of outcomes, from lytic replication to latent 30 

infection. Here, we have further investigated the nature of MHV68 macrophage infection 31 

using reductionist and primary in vivo infection studies. While MHV68 readily infected the 32 

J774 macrophage cell line, viral gene expression and replication were significantly 33 

impaired relative to a fully permissive fibroblast cell line. Lytic replication only occurred in 34 

a small subset of MHV68-infected J774 cells, despite the fact that these cells were fully 35 

competent to support lytic replication following pre-treatment with interleukin-4, a known 36 

potentiator of replication in macrophages. In parallel, we harvested virally-infected 37 

macrophages at 16 hours after MHV68 infection in vivo and analyzed gene expression 38 

by single cell RNA-sequencing. Among virally infected macrophages, only rare (0.25%) 39 

cells had lytic cycle gene expression, characterized by detection of multiple lytic cycle 40 

RNAs. In contrast, ~50% of virally-infected macrophages were characterized by 41 

expression of ORF75A, ORF75B and/or ORF75C, in the absence of other detectable viral 42 

RNAs. Selective transcription of the ORF75 locus also occurred in MHV68-infected J774 43 

cells. In total, these studies indicate that MHV68 efficiently infects macrophages, with the 44 

majority of cells characterized by an atypical state of restricted viral transcription, and only 45 

rare cells undergoing lytic replication. 46 

  47 
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Importance: 48 

The human gammaherpesviruses Epstein-Barr virus and Kaposi’s sarcoma associated 49 

herpesvirus are DNA viruses that cause lifelong infection and are associated with 50 

multiple diseases, especially in immunocompromised individuals. Murine 51 

gammaherpesvirus 68 (MHV68) is a powerful mouse model that permits close 52 

examination of these viruses. Previous studies of MHV68 identified that macrophages 53 

are an important in vivo target of infection; how infection within these cells is regulated 54 

remains incompletely understood. Here, we demonstrate that MHV68 infection of 55 

macrophages is characterized by two divergent outcomes across a population of 56 

infected cells:  while a small subset of cells undergo lytic replication, to make new virus 57 

progeny, the majority of cells are characterized by an atypical, restricted form of 58 

infection characterized by a distinct viral gene transcription program not previously 59 

reported. These studies highlight important cell-type specific outcomes of 60 

gammaherpesvirus infection and identify a potential alternate program by which these 61 

viruses usurp macrophages.  62 
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Introduction 63 

The gammaherpesviruses (HVs) are large double-stranded DNA tumor viruses that 64 

establish a lifelong infection in their host and are associated with a variety of diseases, 65 

particularly in immunosuppressed individuals. These viruses include the human HVs 66 

Epstein-Barr Virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV or HHV-67 

8), and infect multiple cell types, typically resulting in either lytic infection or latent 68 

infection on a cellular level (1). The outcome of infection at this level is influenced by 69 

multiple factors, including target cell type and cell-type specific virus-host interactions. 70 

The HVs are associated with the development of several malignancies especially in 71 

immunocompromised individuals. (2, 3). Due to the strict host specificity of the human 72 

HVs, we and others have used the mouse HV, murine gammaherpesvirus 68 73 

(MHV68, HV68 or MuHV-4), as a genetic and phenotypically relevant model to study 74 

HV infection and pathogenesis (4, 5).   75 

 76 

MHV68 infection of mice is a multi-step process, from lytic infection at mucosal surfaces 77 

in epithelial cells, to dissemination to the B-cell compartment where it can establish 78 

lifelong, systemic latency (6). While B cells are a major latent reservoir for MHV68 (7-9), 79 

EBV (10) and potentially KSHV (11), MHV68 has also been shown to establish latency 80 

in lung, spleen and peritoneal macrophages (7, 12, 13). Macrophage infection may 81 

occur by multiple mechanisms, from direct virus binding and entry, to internalization of 82 

the virus via epithelial cell presentation of MHV68 (14), to potential infection through an 83 

Fc receptor-dependent mechanism (15). MHV68 has also been reported to undergo 84 

lytic replication in macrophages in vitro and in vivo, albeit at lower levels than replication 85 
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within fibroblasts (16, 17). While MHV68 passage through myeloid cells has been 86 

reported to be important for the establishment of B cell latency, a process potentially 87 

involving both alveolar macrophages and marginal zone macrophages (12, 18), not all 88 

macrophage subsets are created equal: subcapsular sinus macrophages have been 89 

reported to be poorly permissive for MHV68 infection, serving an antiviral role (19). 90 

These data emphasize the complexity of MHV68-macrophage interactions and the need 91 

for further analysis of these interactions.  92 

 93 

Here, we sought to better understand the regulation of MHV68 infection in macrophages 94 

in cell culture and primary infection compared with fibroblasts, a known target of lytic 95 

replication. We found efficient infection of both cell types, but significantly reduced DNA 96 

synthesis and gene expression in macrophages relative to fibroblasts. Lytic protein 97 

induction only occurred in rare macrophages. In our in vivo analysis, we found a rare 98 

population of macrophages undergoing lytic replication, with the major population of 99 

infected peritoneal macrophages demonstrating a unique transcriptional profile 100 

characterized by expression of ORF75A, ORF75B, and/or ORF75C, in the absence of 101 

other lytic genes. These studies suggest that macrophages are efficiently infected but 102 

characterized by atypical, restricted viral transcription that is not representative of lytic 103 

nor latent gene expression patterns described to date.  104 
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RESULTS 105 

An in vitro model of MHV68-macrophage infection shows limited lytic replication 106 

despite robust viral entry. 107 

The outcome of MHV68 on a cell level varies depending on host cell type and 108 

immune status (5, 20, 21). MHV68 infection of macrophages has been associated with 109 

both lytic replication and latent infection (7, 12, 16) with data suggesting that myeloid 110 

cells may be an important intermediary prior to B-cell latency (12). Despite these 111 

insights, the exact nature of myeloid cell infection remains incompletely characterized.  112 

We characterized MHV68 infection in the mouse myeloid-like cell line, J774, compared 113 

with infection of the 3T12 mouse fibroblast cell line, which fully supports lytic virus 114 

replication (22).  115 

First, we compared the ability of MHV68 to replicate in both cell lines. As 116 

expected, MHV68 underwent robust lytic replication in 3T12s, characterized by rapid 117 

virus production with extensive cytopathic effect (CPE) by 72 hours post infection (hpi). 118 

In contrast, MHV68-infected cultures of J774 cells showed minimal evidence of 119 

infection, with no discernable CPE (Fig. 1A) and minimal viral replication (Fig. 1B).  120 

The limited replication of MHV68 in J774 cells could potentially be due to 121 

inefficient infection. To define infection frequency, we infected cells with WT MHV68 122 

LANAβlac, a virus that contains a gene fusion between the ORF73 gene, an immediate 123 

early gene encoding the latency-associated nuclear antigen (LANA) and the beta-124 

lactamase (lac) gene (23, 24). As ORF73, and LANA, are expressed during latent and 125 

lytic infection (23), lac activity serves as an effective indicator of multiple states of 126 

infection by flow cytometry, defined by cleavage of a fluorescent substrate. As 127 
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predicted, infection of cells with WT MHV68 lacking the beta-lactamase reporter had no 128 

detectable lac+ cells (left panel, Fig. 1C). In contrast, infection with WT MHV68 129 

LANAβlac resulted in a high frequency of LANAlac+ cells in both 3T12s fibroblasts 130 

(~77%) and J774 cells (~45%) at 24 hpi, that increased to ~81% LANAlac+ cells by 72 131 

hpi (Fig. 1C, D). These data demonstrate that J774 cells are fully susceptible to MHV68 132 

infection and are capable of initiating transcription and translation of ORF73 (an 133 

immediate early gene), despite restricted production of infectious virus. 134 

 135 

J774 macrophages are deficient in viral DNA replication and lytic viral gene 136 

expression. 137 

We next quantified viral DNA replication between the two cell lines. MHV68 138 

underwent large (>2.5 log10) increases in viral DNA replication in 3T12 fibroblasts; in 139 

contrast, MHV68-infected J774 myeloid cells had minimal changes in viral DNA 140 

replication over input virus (Fig. 2A). 141 

We next analyzed MHV68 transcription in J774 cells, quantifying immediate early 142 

(ORF73), early, early/late (ORF6), and late gene (M7) expression (25). Viral gene 143 

expression was decreased in J774 myeloid cells relative to 3T12 fibroblasts at both 16 144 

and 24 hpi (Fig. 2B). Whereas ORF73 (and Blac) expression was reduced ~10 fold, 145 

both ORF6 and M7 transcripts were decreased >100 fold (Fig. 2B, Supp. Fig 1), 146 

consistent with greater deficits in lytic gene expression for early and late genes. 147 

When we quantified viral gene expression within J774 cells over time, we found 148 

that ORF73 was relatively comparable between 24-48 hpi (bottom panel, Fig. 2B). In 149 

contrast, ORF6 and M7 expression levels increased ~10x between 24 hpi and 48 hpi 150 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2023. ; https://doi.org/10.1101/2023.06.21.545948doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.21.545948
http://creativecommons.org/licenses/by-nc/4.0/


(Fig. 2B). As ORF6 and M7 are lytic cycle transcripts, these changes are consistent with 151 

some degree of lytic replication in MHV68-infected J774 cultures.   152 

 153 

MHV68-infected J774 macrophages contain a small subset of cells that 154 

demonstrate a lytic infection profile.  155 

To assess lytic replication within MHV68-infected J774 cells, we used two 156 

approaches that afforded single-cell resolution of infection. First, we infected 3T12 and 157 

J774 cells with a recombinant WT MHV68 virus, MHV68.H.GFP, that encodes GFP 158 

fused to a hygromycin resistance protein, under the transcriptional control of the human 159 

cytomegalovirus IE promoter inserted between ORF27 and 29b (26). This virus robustly 160 

expresses GFP during active, lytic infection, allowing identification of cells that have 161 

initiated transcription via flow cytometry. When we infected 3T12 and J774 cells with 162 

MHV68.H.GFP virus and assessed GFP expression at 18 hpi, 3T12 cells had a much 163 

higher frequency of GFP+ cells than J774 cells (~8.2% vs. ~0.5% GFP+ respectively, 164 

Fig. 3A-B, Supp. Fig. 2). For these studies, background fluorescence was defined by 165 

infection with WT MHV68.LANAlac, without addition of a fluorescent substrate. These 166 

data indicate that early in infection, a rare population of J774 cells initiate robust 167 

transcriptional induction from the viral genome.  168 

We next quantified expression of proteins expressed or modified during lytic 169 

MHV68 replication via flow cytometry (as in (27)). To do this, we measured the 170 

frequency of cells that express the viral regulator of complement activation (vRCA), a 171 

protein encoded by the ORF4 late gene, or demonstrated phosphorylated Histone 172 

H2AX (γH2AX), a host protein that undergoes virus-induced phosphorylation (16). Mock 173 
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infected cells had minimal expression of either of these proteins (“Mock”, Fig. 3C), 174 

whereas ~45% of MHV68-infected 3T12 cells were either vRCA+, H2AX+, or 175 

vRCA+H2AX+ by 24hpi (Fig. 3C-D, Supp. Fig. 3). In contrast, MHV68-infected J774 176 

cells only contained ~2% cells at 24hpi and ~8% at 48hpi that expressed either 177 

vRCA+, H2AX+, or vRCA+H2AX+ (Fig. 3C-D). These data indicate that only a minor 178 

fraction of MHV68-infected J774 cells undergo lytic replication at these timepoints. 179 

 180 

IL-4 pretreatment of J774 macrophages reveals a robust capacity of these cells to 181 

support lytic replication. 182 

The minor frequency of MHV68 infected J774 cells undergoing lytic replication 183 

raised the possibility that J774 cells may poorly support lytic replication. To test whether 184 

J774 cells had the capacity to support lytic replication, we pretreated cells with IL-4, a 185 

known inducer of viral replication and reactivation from latency in primary macrophages 186 

(28, 29). First, we quantified the frequency of GFP+ cells following MHV68.H.GFP 187 

infection comparing 3T12s with untreated or IL-4 treated J774 cells, where cells were 188 

both pre-treated with IL-4 and supplied with fresh IL-4 after infection. As expected, 3T12 189 

cells had a significant fraction of GFP+ cells with near uniform expression by 48 hpi 190 

(Fig. 4A). While untreated J774 cells had a minor frequency of GFP+ cells (~1% at 24 191 

hpi, ~9% at 48 hpi), IL-4 treated J774 cells had a greatly enhanced frequency of GFP+ 192 

cells both early and late, with ~45% GFP+ cells by 48 hpi (Fig. 4A-B). We next 193 

quantified viral DNA replication under similar conditions, treating J774 cells with either 194 

10 or 100 ng/mL of IL-4 for 16 hours prior to infection with fresh IL-4 provided after 195 

infection. IL-4 treatment resulted in a concentration-dependent increase in viral DNA 196 
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replication by 48 hpi after treatement with either 10 or 100 ng/mL IL-4, compared to the 197 

minimal viral DNA replication observed in untreated cells, consistent with our earlier 198 

observations (Fig. 4C). These data demonstrate that J774 cells have the capacity to 199 

support lytic replication following treatment with IL-4, a known inducer of virus 200 

replication in macrophages. 201 

 202 

In vivo analysis of primary MHV68 macrophage infection by single-cell RNA-seq 203 

reveals unanticipated viral gene expression.  204 

To examine how our in vitro results reflect in vivo biology, we infected 205 

immunocompetent, C57BL/6J mice by intraperitoneal injection with WT 206 

MHV68.LANAβlac and sort purified peritoneal macrophages early after infection (16 207 

hpi). Virally-infected peritoneal macrophages were purified based on cells that were 208 

viable, expressed the F4/80+ macrophage-specific cell surface protein and 209 

demonstrated LANAlac+ expression by CCF-2 cleavage (as in Fig. 1). Cells were then 210 

subjected to 3’ based single-cell RNA-seq (scRNA-seq), analyzing host and viral gene 211 

expression to identify infected cell subsets and viral gene expression respectively. We 212 

identified 14 clusters of cell subsets, dominantly comprised of macrophages (Fig. 5A-C). 213 

This analysis further identified minor frequencies of:  i) macrophages with a proliferative 214 

gene signature (i.e. “macrophage proliferating”), ii) macrophages with an MHV68 lytic 215 

gene signature (i.e. “macrophage lytic”), defined by expression of two canonical lytic 216 

genes ORF7 and ORF54, and infrequent iii) B cells, iv) T cells, v) dendritic cells and vi) 217 

monocytes (Fig. 5A-C, Supplemental Fig. 4A-B, Supplemental Fig. 5A-B). Data were 218 

characterized by high quality control metrics including high reads (unique molecular 219 
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identifiers, UMIs) and genes per cell, with low mitochondrial reads and only 220 

“macrophage proliferating” cells characterized by a proliferative “S score” (Fig. 5D-G, 221 

Supplemental Fig. 4C-F). When we visualized (Fig. 5H) and quantified the frequency of 222 

cells with detectable viral UMIs (Fig. 5I), we found that the majority (n=7,512; 82.54%) 223 

of macrophages had detectable viral reads accounting for <0.1% of total UMIs per cell, 224 

with few (n=23; 0.25%) macrophages containing a higher proportion (>0.1%) of viral 225 

reads (Fig. 5I). Similar results were found at the cluster level, with cluster 13, identified 226 

as macrophages with lytic gene expression, characterized both by 100% viral UMI+ 227 

(including ORF7 and ORF54) and a higher proportion of viral UMIs per cell 228 

(Supplemental Fig. 4G-J). The presence of cells with no detectable viral UMIs could 229 

either be due to the depth of sequencing or to the known sparseness of scRNA-seq 230 

data (30). Because these limitations of scRNA-seq could further extend to the lack of 231 

detection of viral genes, below, subsequent discussion focuses on those genes that we 232 

can definitively detect and avoids conclusion about lack of expression.   233 

Next, we analyzed viral gene expression within macrophages, quantifying the 234 

frequency of cells that expressed each viral gene, comparing the dominant macrophage 235 

population (n=9101 cells), with minor macrophage populations with either a proliferative 236 

gene signature (n=48 cells) or lytic gene expression (n=25 cells). While we detected 237 

ORF73-βlac mRNA, the transcript encoding the LANAβlac reporter by which cells were 238 

purified, in 12.89% of macrophages, there were equivalent or higher frequencies of cells 239 

that expressed 3 other viral genes: ORF75C (30.75%), ORF75B (27.83%) and ORF75A 240 

(12.54%) (Fig. 6A). Additional transcripts were detected in a lower frequency of cells: 241 

ORF72 (5.3%), ORF58 (3.5%), with 1-3% cells containing detectable RNA for M3, 242 
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ORF7, ORF50, ORF57, ORF61, ORF74, M12, M13, or M14 (Fig. 6A). In contrast, the 243 

remaining viral genes were only sporadically detected in less than 1% of cells. A similar 244 

hierarchy, albeit reduced in magnitude, was also observed in the proliferating 245 

macrophage cell subset (Fig. 6B).  246 

In contrast to the dominant macrophage subset, rare lytic macrophages had a 247 

distinct viral gene signature. Here, we detected multiple lytic cycle-associated genes 248 

including ORF7, ORF54, ORF57, ORF58, and ORF61 in 100% of these rare cells (dark 249 

blue circles, Fig. 6C). Further, >75% of cells contained detectable RNAs for M3, ORF6, 250 

ORF21, ORF38, ORF50, ORF52, ORF59, ORF72 and ORF75C (light blue circles, Fig. 251 

6C). The high frequency of cells that expressed multiple, canonical lytic cycle transcripts 252 

is consistent these cells initiating lytic gene transcription in vivo.   253 

We next sought to understand the high frequency detection of ORF75 RNAs 254 

within the dominant macrophage population (Fig. 6A). Previous studies of the ORF75 255 

locus have revealed multiple transcriptional units, including a polycistronic RNA that 256 

spans from the 5’ end of ORF75A through the 3’ end of ORF75C (31). Notably, this 257 

polycistronic RNA would map to ORF75C based on polyA-based, oligo-dT primed 258 

scRNA-seq, and would not generate sequencing reads that would map to ORF75B or 259 

ORF75A. We also considered whether a high-degree of homology at the 3’ ends of the 260 

ORF75 genes might complicate mapping of sequencing reads to each individual 261 

ORF75. Though these genes likely arose from gene duplication, these genes have 262 

limited nucleotide identity within the final 150 nucleotides of each gene: using blastn 263 

(32), there is no significant similarity between the 3’ ends of either ORF75A and 264 

ORF75B or ORF75A and ORF75C. The closest homology across the final nucleotides 265 
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of ORF75B and ORF75C remained extremely low, with only a stretch of 22 of 26 266 

nucleotides aligning across the final 150 nucleotides of ORF75B and ORF75C (data not 267 

shown). This nucleotide divergence at the 3’ end of these genes strongly suggests that 268 

UMIs mapping to each gene were not due to errors in mapping. When we examined the 269 

intersection of ORF73, ORF75A, ORF75B, and ORF75C detection within single cells, 270 

considering all combinations of expression for these 4 viral genes, we found that 271 

50.89% of macrophages had detectable expression of ORF75A, ORF75B and/or 272 

ORF75C; in many of these cells, we did not detect ORF73 (Fig. 6D). In total, these 273 

studies identify a high frequency of macrophages expressing transcripts from the 274 

ORF75 locus, and further corroborate that a low frequency of primary infected 275 

peritoneal macrophages are characterized by lytic transcription early after primary 276 

infection. 277 

 278 

MHV68-infected J774 macrophages show expression of the ORF75 locus in the 279 

absence of full lytic gene transcription. 280 

We next tested analyzed the expression of the ORF75 genes in MHV68-infected 281 

J774 cells. ORF75A, ORF75B and ORF75C were readily detected in MHV68-infected 282 

J774 cells from 16-48 hpi, albeit lower than in MHV68-infected 3T12 cells (Fig. 7A). 283 

Among these genes, we observed two different patterns. ORF75A expression was 284 

relatively comparable to ORF73 at all timepoints measured, with minimal change in 285 

expression between 24 and 48 hpi, suggesting constitutive transcription for both ORF73 286 

and ORF75A (Fig. 7A). In contrast, ORF75B and ORF75C transcript levels were 287 

moderately lower than ORF73 at 16 and 24 hpi and showed a ~4 and ~22 fold increase 288 
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between 24 and 48 hpi, respectively (right panel, Fig. 7A). The induction of these 289 

transcripts suggested that these transcripts may be at least, in part, induced during lytic 290 

replication in J774 cells (akin to the increased signal observed for ORF6, M7, Fig. 2B). 291 

To test the impact of viral DNA replication, a key process required for late gene 292 

transcription, we treated MHV68-infected J774 or 3T12 cells with cidofovir (CDV), an 293 

inhibitor of the viral DNA polymerase (33, 34). In parallel, we treated cells with the viral 294 

DNA synthesis inhibitor phosphonoacetic acid (PAA) at 200 g/mL (35); this treatment 295 

was toxic to J774 cells (data not shown). CDV and PAA would inhibit lytic cycle 296 

transcription of both early/late and late genes with minimal impact on gene expression 297 

during latent (or restricted) infection. As expected, infected 3T12 cells had higher 298 

baseline expression for ORF73, ORF75A, ORF75B, ORF75C than infected J774 cells 299 

(Fig. 7B). When 3T12 cells were treated with CDV or PAA, there was a pronounced 300 

reduction across viral genes compared to untreated samples, ranging from ~10-fold 301 

reduction in CDV- or PAA-treated cultures for ORF73 and ORF75A, to ~1000-fold 302 

reduction for ORF75C and M7 (Fig. 7B). In contrast, the impact of CDV on gene 303 

expression in J774 cells was much more modest, with ~2-fold reduction in RNA 304 

detected for ORF73 and ORF75A in CDV treated cultures relative to untreated cultures 305 

(Fig. 7B), compared with ~5-10 fold reduction in ORF75B, ORF75C and M7 RNAs, 306 

consistent with these transcripts being induced, in part, in a lytically-replicating subset of 307 

cells. These data are consistent with expression of the ORF75 locus in MHV68-infected 308 

J774 cells and suggest that at least the ORF75A gene shows comparable regulation to 309 

that observed for ORF73.  310 
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DISCUSSION 311 

The cross-talk between MHV68 and macrophages has been a significant area of 312 

ongoing investigation, with early studies identifying macrophages as a significant latent 313 

reservoir beyond B cells (7, 13). Since then, macrophages have been identified as an 314 

early target of MHV68 infection after both intraperitoneal (36) and intranasal infection 315 

(12, 19), where a significant fraction of virus passes through macrophages (as defined 316 

by cre-dependent lineage tracing studies) (12). Whether MHV68 directly infects 317 

macrophages, or macrophage infection is expedited by intercellular handoff from 318 

infected epithelial cells (14) or by antibody-dependent entry through Fc receptors (15) 319 

would likely be influenced by the route of infection, stage of infection and host immune 320 

status. Regardless, there is now clear evidence that MHV68 can undergo replication 321 

within a subset of macrophages, a process revealed by lineage-tracing studies (12), 322 

lytic antigen expression within these cells (e.g. (16, 17)), and the studies presented 323 

here. MHV68 replication in macrophages can further be enhanced in the context of 324 

certain parasitic infections that both antagonize IFN-dependent suppressive 325 

mechanisms and induce expression of the Th2 cytokines IL-4 or IL-13, STAT6-inducing 326 

cytokines that can directly transactivate the gene 50 promoter, to promote lytic 327 

replication (29).   328 

 By examining the heterogeneity of infection at single cell resolution, through both 329 

flow cytometric analysis for markers of entry and LANA gene expression, lytic 330 

replication and single-cell RNA sequencing, our studies provide a refined perspective of 331 

MHV68 infection in macrophages. These studies unequivocally identify that MHV68 332 

robustly infects macrophages and is capable of initiating transcription and translation of 333 
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at least the ORF73 gene, with only a minor fraction of these cells showing hallmarks of 334 

lytic replication. Whether the majority of LANA+ cells reflect a bona fide latent 335 

population or reflect a previously undescribed, restricted form of infection remains an 336 

open question. Although ORF75 expression has not been previously observed during 337 

MHV68 macrophage infection, the ORF75 genes have been detected in the MHV68-338 

positive latently-infected S11E B cell lymphoma (37). KSHV ORF75 transcription has 339 

also been detected in Kaposi’s sarcoma lesions in the absence of many lytic genes, 340 

both as a bicistronic K15/ORF75 transcript and as monocistronic ORF75 (38, 39). 341 

ORF75 expression in KS tumors did not clearly correspond with expression from the 342 

ORF73 locus (39), suggesting undiscovered modes of transcriptional regulation of the 343 

ORF75 genes that may span across at least MHV68 and KSHV. 344 

Broadly our findings are consistent with various aspects of published literature. On 345 

the one hand, the magnitude of MHV68 lytic replication within bone marrow 346 

macrophages or myeloid cells is relatively modest compared to fibroblasts (17, 40), and 347 

lytic antigen expression is reported to occur within a subset of bone marrow-derived 348 

macrophages and RAW264.7 macrophages (15, 28, 29). Despite the relatively modest 349 

lytic replication of MHV68 in macrophages, MHV68 encodes multiple mechanisms that 350 

facilitate this process, including ORF4 which encodes the vRCA and promotes 351 

replication in a complement-independent manner (40) and ORF36 which encodes a 352 

viral protein kinase that phosphorylates H2AX and antagonizes HDAC1 and HDAC2 353 

(16, 41). Conversely, multiple inhibitory mechanisms have been reported to limit lytic 354 

replication in macrophages, including IFN-dependent inhibition of the gene 50 promoter 355 

(42), and cell-intrinsic mechanisms mediated in part by HDACs and NCoR (41, 43) 356 
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MHV68 lytic replication in macrophages is further regulated by cellular modulators of 357 

metabolism, constrained both by Liver X receptor- and Low-Density Lipoprotein 358 

Receptor-dependent mechanisms (44, 45). We postulate that these inhibitory 359 

mechanisms may affect the relative proportion of cells initiating lytic replication with 360 

MHV68, may constrain the magnitude of virus produced by lytic cells or may 361 

fundamentally alter the susceptibility of infection across all cells. Future studies will 362 

require single cell-based investigation of MHV68 to differentiate between these two 363 

potentially distinct modes of regulation. 364 

Despite major inroads from the above studies, in vitro models of macrophage 365 

infection to date have fallen short of defining the dominant outcome of infection 366 

described here as being truly latent, an important future question that will only be 367 

resolved by focused analysis on cells lacking lytic protein expression. We anticipate that 368 

this could be done by purifying infected macrophages that lack lytic gene expression, 369 

followed by characterization of the state of the viral genome (i.e. episomal or linear) and 370 

the ability of these cells to enter productive virus replication (i.e. reactivation from 371 

latency). Alternatively, it is possible that this analysis may identify alternate regulation of 372 

the viral genome, or a failure to produce virus particles, which would suggest a 373 

restricted form of infection. Ultimately, these studies should seek to afford single-cell 374 

resolution, potentially combined with temporal fate-mapping strategies, to better 375 

differentiate between heterogeneous states of infection that may exist across a 376 

population of macrophages, and how the nature of infection may evolve over time. This 377 

is particularly relevant in the context of in vivo infection, where IFN constrains MHV68 378 

reactivation from latency within peritoneal macrophages (46) and CD4 T cells constrain 379 
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chronic macrophage infection in the lung (17). Recent studies of parasitic infection have 380 

further revealed that parasite-dependent expansion of the large peritoneal macrophage 381 

compartment, a primary target of MHV68 infection (36), can dramatically enhance the 382 

pool of MHV68-infected macrophages (47) indicating that MHV68 infection of 383 

macrophages is subject to multiple positive and negative regulatory pathways.  384 

 This study has important limitations that constrain our interpretations. First, many of 385 

the studies focus on infection of the J774 mouse myeloid cell line, a system we have 386 

leveraged as a reductionist in vitro system to study MHV68-macrophage interactions. 387 

Second, our studies of primary in vivo infection focus on a single, early timepoint of 388 

macrophage infection. Thus, it remains possible that a time course of in vivo 389 

macrophage infection may reveal a delayed form of lytic cycle transcription. 390 

Conservatively, we can conclude at least that the high frequency of ORF75 genes 391 

(ORF75A, B, and/or C) within primary macrophages is not explained by either the 392 

current paradigm of lytic or latent transcription (e.g. exemplified by (25)). The 393 

expression of individual ORF75 gene products, as defined by polyA-based scRNA-seq 394 

suggests that there are additional mechanisms of transcriptional regulation within the 395 

ORF75 locus than previously identified in lytically infected fibroblasts (31). These 396 

studies may further identify macrophage-specific regulation of the ORF75 locus and/or 397 

unique roles for the ORF75 gene products within macrophages. The ORF75 genes are 398 

known to encode proteins with a number of functions that could disproportionally impact 399 

macrophage infection.  400 

The frequent expression of ORF75 genes within macrophages suggests that 401 

ORF75-targeted interventions (e.g. vaccination against ORF75 gene products, which 402 
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contain known T cell epitopes (48-50) may selectively disrupt macrophage infection 403 

over infection in other cell types. Additionally, the distinct gene expression patterns of 404 

infected macrophages indicates variable susceptibility to treatment with current 405 

antivirals. 406 

 In total, our studies demonstrate both heterogeneity of MHV68 infection 407 

outcomes within macrophages and reveal an alternate transcriptional state at least early 408 

after primary macrophage infection in vivo. These studies further suggest a previously 409 

unappreciated role for the ORF75 locus as a potentially important regulator of 410 

macrophage infection, or a marker of an alternate outcome of infection that is neither 411 

lytic nor latent.    412 
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METHODS 413 

Viruses and Tissue Culture 414 

Mouse 3T12 fibroblasts (ATCC CCL-164) and mouse J774A.1 macrophages 415 

(subsequently referred to as “J774”; ATCC TIB-67) were cultured in complete DMEM 416 

(cDMEM): Dulbecco’s modified Eagle medium (DMEM; Life Technologies) 417 

supplemented with 5% and 10% fetal bovine serum (FBS; Atlanta Biologicals) 418 

respectively, 2 mM L-glutamine, 10 U/mL penicillin, and 10 μg/mL streptomycin sulfate. 419 

Cells were cultured at 37°C with 5% CO2. Wild-type (WT) MHV68, MHV68.LANA::βlac, 420 

and MHV68.H.GFP viruses were grown and prepared as described previously (23, 24, 421 

26), with all virus titers determined from at least three independent plaque assays.  422 

Infection  423 

All in vitro infections were based on live cell counts with the TC20 Automated 424 

Cell Counter (Bio-Rad) with Trypan Blue dye (Bio-Rad, Cat. No. 145-0021). Viral stock 425 

was diluted with cDMEM for viral inoculum with a multiplicity of infection (MOI) of 1 426 

PFU/cell. Cells were incubated at 37°C with 5% CO2 for 1 hour, with rocking every 15 427 

min, before viral inoculum was removed and replaced with 1mL of cDMEM. For qPCR 428 

analysis of viral DNA replication and for beta-lactamase staining and flow cytometric 429 

analysis of infected cells, viral inoculum was left on cells after 1 hr infection time.  For 430 

IL-4 treatments, media containing recombinant mouse IL-4 (PeproTech, Cat. No. 214-431 

14) was added to cells 16 hours before infection. Following infection, media containing 432 

0, 10 or 100ng/mL of fresh IL-4 containing media were added respectively. Samples 433 

were harvested at the indicated hours post-infection (hpi) through either cell scraping 434 

(for DNA isolation) or through incubation in TRIzol (for RNA isolation). 435 
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Plaque Assay 436 

Plaque assay quantification of viral titer was performed using 3T12 cells. Cells 437 

were plated in 12-well plates at 8.5×104 cells per well one day prior to infection. Viral 438 

samples were diluted 10-fold in 5% cDMEM. An internal standard was included for each 439 

infection to ensure reproducible sensitivity for each plaque assay. Cells were incubated 440 

with virus for 1 h at 37°C at 5% CO2. Plates were rocked every 15 min. Cells were then 441 

covered with an overlay composed of a 1:1 mix of 10% cDMEM and carboxymethyl 442 

cellulose (CMC; Sigma, Cat. No. C- 4888) supplemented with Gibco™ Amphotericin B 443 

(Thermo Fisher Scientific, Cat. No. 15290018). Cells were incubated for 8 days before 444 

staining with 0.5% methylene blue and plaques were counted. 445 

RT-qPCR 446 

RNA was isolated from infected cells harvested at indicated times by 10-minute 447 

incubation in TRIzol® reagent (Thermo Fisher Scientific, Cat. No. 15596026), followed 448 

by TURBO™ DNase (Invitrogen, Cat. No. AM2238) treatment according to 449 

manufacturer’s protocols. RNA amplification and removal of DNA was confirmed by 450 

PCR amplification of the control host gene, 18S, in the presence or absence of reverse 451 

transcriptase. RNA presence and absence of DNA was confirmed with RT-PCR and 452 

PCR respectively. RT-PCR was performed using the OneStep RT-PCR kit (Qiagen, 453 

Cat. No. 210212) with the following conditions: (i) 50°C for 30 min, (ii) 95°C for 15 min, 454 

(iii) 40 cycles of 94°C for 30 sec, 52°C for 30 sec, and 72°C for 30 sec, (iv) 72°C for 10 455 

min, and (v) hold at 4°C. PCR was performed using Taq DNA polymerase (Qiagen, Cat 456 

No. 201205) with the following conditions: (i) 95°C for 5 min, (ii) 40 cycles of 94°C for 30 457 

sec, 52°C for 30 sec, and 72°C for 30 sec, (iii) 72°C for 10 min, and (iv) hold at 4°C. 458 
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RNA samples that showed no product following PCR amplification were deemed DNA-459 

free, and then converted to cDNA using random primers (250ng/uL) (Invitrogen, Cat. 460 

No. 48190011) and SuperScript II reverse transcriptase (Invitrogen, Cat. No. 18064014) 461 

following the manufacturer’s protocol. 100 nanograms of cDNA was used for qPCR 462 

analysis of the identified genes (Quantitect Primer Assay, Qiagen) using the iQ SYBR 463 

green supermix (BioRad Cat. No.1708880) with the following conditions: (i) 95°C for 3 464 

min, (ii) 40 cycles of 95°C for 15 sec, 60°C for 1 min, and (iii) 95°C for 15 sec, 60°C for 465 

1 min, and 95°C for 15 sec. Amplification of viral genes were normalized to murine 18S 466 

expression to calculate the relative difference of target gene expression using the Pfaffl 467 

method, as previously described (51, 52) : Target primer efficiency^Target𝛥𝐶𝑡/18S 468 

primer efficiency^18𝑆𝛥𝐶𝑡. A single product for each target was confirmed by melt curve 469 

analysis. PCR primers are listed in Table 1.  470 

Quantitative PCR for quantification of viral DNA replication 471 

Infected cells were harvested by cell scraping at time (hpi) indicated. Harvested 472 

cells underwent three freeze/thaw cycles and DNA was isolated using the DNeasy 473 

Blood and Tissue Kit (Qiagen, Cat. No. 69504), with an overnight proteinase K 474 

incubation and heat inactivation at 56°C. DNA was normalized to a concentration of 20 475 

ng/uL in molecular grade water. qPCR analysis was done on 100ng of DNA using a 476 

LightCycler 480 Probe Master-Mix kit (Roche, Cat. No. 04707494001) and a primer and 477 

probe set specific to MHV68 gB to quantify the number of viral genome copies. Primers 478 

and probes listed in Table 1. A glycoprotein B (gB) standard curve (53) was generated 479 

using a gB plasmid dilution series ranging from 102 to 1010 copies diluted in background 480 

DNA, with a limit of detection (LOD) of 100 copies. 481 
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Ethics Statement 482 

 All animal studies were performed in accordance with the recommendations in 483 

the Guide for the Care and Use of Laboratory Animals of the National Institutes of 484 

Health. Studies were conducted in accordance with the University of Colorado 485 

Denver/Anschutz Institutional Animal Use and Care Committee under the Animal 486 

Welfare Assurance of Compliance policy (assurance no. D16-00171). All procedures 487 

were performed under isoflurane anesthesia, and all efforts were made to minimize 488 

suffering. 489 

Single-cell RNA Sequencing 490 

To characterize MHV68 transcription during primary, acute peritoneal 491 

macrophage infection in vivo, C57BL/6 mice were infected with 1x106 PFU by 492 

intraperitoneal injection.  Peritoneal cells were harvested 16 hours post-infection, 493 

stained with the live/dead discrimination dye Zombie Near-IR (Zombie NIRTM, 494 

BioLegend, Cat. No. 423105), F4/80-AlexaFluor 674 (clone BM8, 1:200 dilution) in the 495 

presence of Fc receptor blockade (clone 2.4G2), and CCF2-AM (Thermo Fisher, Cat. 496 

No. K1023). Cells were sorted on a MoFlo Astrios, purifying live, single, F4/80+ cells 497 

that either had CCF-2 cleavage (indicating virus infection, defined by expression of the 498 

LANA::blac fusion protein) or lacking CCF-2 cleavage (indicating cells that were not 499 

infected or failed to express the LANA::blac fusion protein). Cells were subjected to 500 

standard 3’-based single cell RNA-seq analysis (10x Genomics), with cell processing 501 

and sequencing done in the University of Colorado Cancer Center Genomics Shared 502 

Resource (RRID: SCR_021984). Resulting data were processed as follows: Cell 503 

Ranger (v6.0.1) (54) was used to process the fastq files to cell and gene count tables 504 
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using unique molecule identifiers (UMIs) with the include-introns parameter. Because of 505 

the difficulties counting viral reads, this was performed in a two-pass manner. In the first 506 

pass, reads were aligned to a chimeric genome of mouse mm10 (GENCODE M23 gene 507 

annotations) and MH636806.1 (no gene annotations, only positive and negative strand 508 

alignment). The viral counts were stored in metadata and removed from the counts 509 

matrix. Reads mapping to MH636806.1 in step 1 were aligned to the same chimeric 510 

genome but in this case, the viral transcriptome as well as specific intergenic regions 511 

were annotated (data not shown). The intergenic regions were determined as the 512 

strand-specific sequences between genes with 1 base pair of padding on both ends. To 513 

minimize reads overlapping with multiple viral genes, only the first 70bp of each read 514 

were aligned and counted. The resulting counts matrix of viral alignment was appended 515 

to the host gene counts from step 1.   516 

The Seurat (v4.0.4) (55) pipeline was used for downstream quality control and 517 

analysis. Cellranger-filtered data was read into Seurat. Host genes were removed if 518 

identified in fewer than 10 cells while viral gene intergenic regions were removed if 519 

found in no cells. Cells were removed if they expressed < 50 genes or viral regions, < 520 

5000 UMIs, > 5 % total UMIs from mitochondria, or > 70000 UMIs. The filtered data was 521 

normalized by dividing gene counts by total counts per cell and multiplied by 10,000 522 

followed by natural-log transformation. The top 2,000 most variable genes were scaled 523 

with total UMI and percentage mitochondria regressed out. These were used to 524 

calculate principal components (PCs) with the top 20 used to perform Uniform Manifold 525 

Approximation and Projection (UMAP) and determining the k-nearest neighbors and 526 

clustering.  527 
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 Clusters were identified by over-representation analysis and examining the top 528 

enriched markers. Canonical cell type markers were plotting in UMAP space and using 529 

dot plots. Heatmaps, dot plots, bar plots, scatter plots, and violin plots were generated 530 

using Seurat and ggplot2 R packages (v3.4.0) (56). Groups of cells in heatmaps were 531 

randomly subset to the size of the smallest group.  532 

Flow Cytometry 533 

3T12 and J774 cells were infected with MHV68 LANAβlac or MHV68.H.GFP at 534 

an MOI of 1 PFU/cell and harvested at the indicated time points followed by staining for 535 

flow cytometric analysis. Samples treated with the recombinant murine IL-4 were given 536 

10% cDMEM with 10ng/mL of IL-4 eighteen hours prior to infection and replaced with 537 

fresh media containing IL-4 immediately following infection. Cell suspensions were 538 

stained with LIVE/DEAD fixable Near-IR Dead Cell stain kit (Invitrogen, Cat. No. 539 

L10119) at a 1:1000 dilution in BSS wash (111mM Dextrose, 2mM KH2PO4, 10mM 540 

Na2HPO4, 25.8 CaCl2•2H2O, 2.7mM KCl, 137mM NaCl, 19.7mM MgCl•6H2O, 16.6mM 541 

MgSO4). Cells were then stained for CCF2 or protein detection. Cells for CCF2 542 

detection were stained with CCF2-AM (Thermo Fisher, Cat. No. K1023) at a 1:10 543 

dilution following the manufacturer’s protocol. To detect proteins, cells were stained with 544 

a Fc receptor block (Fc Shield, Tonbo Biosciences, Cat. No. 70-0161), a rabbit antibody 545 

against the MHV68 ORF4 protein (vRCA, 1:400 dilution) (gift of the Virgin Lab, 546 

Washington University St. Louis (35, 51)) labeled with a Zenon R-phycoerythrin anti-547 

rabbit IgG reagent (Invitrogen, Cat. No. Z25307), per manufacturer’s recommendations, 548 

and a AF647-conjugated anti-mouse phospho-histone H2AX antibody (1:800 dilution) 549 

(clone JBW30). Samples were fixed in 1% paraformaldehyde prior to analysis using the 550 
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Bio-Rad ZE5/YETI Cell Analyzer or an Agilent Novocyte Penteon flow cytometer.  All 551 

flow cytometry experiments included unstained, single-stain and full minus one controls 552 

to define background fluorescence, fluorescent signal spread and compensation. 553 

Light microscopy 554 

At the indicated time points, 6-well plates of 3T12 or J774 cells were imaged on a 555 

Nikon Eclipse Ti2 inverted light microscope equipped with Iris 15 camera (Photometris) 556 

and use of NIS elements software. Plates were mounted on a stage heated to 37°C. A 557 

10x phase objective was used to capture brightfield images. Immediately following 558 

image acquisition, samples were harvested and processed for flow cytometric analysis. 559 

Statistical Analysis and Software 560 

Data analysis, graphing and statistical analyses were performed using GraphPad 561 

Prism (version 9.4.0; GraphPad Software, San Diego, California USA, 562 

www.graphpad.com). Flow cytometry data were analyzed using FlowJo (version 10.8.1. 563 

Ashland, OR: Becton, Dickinson and Company; 2022). scRNA-seq data processing and 564 

analysis were done as described above. Statistical significance was tested by unpaired, 565 

nonparametric, Mann-Whitney t test or 1-way ANOVA for comparing replicate values 566 

from experiments. RNA-Seq data have been deposited to NCBI GEO and will be made 567 

publicly available upon manuscript acceptance. 568 

 569 

Table 1: Oligonucleotides for RT-PCR, PCR, and qPCR analysis 570 

Name Accession number and 
Genome Position * 

Sequence Purpose 

gB Forward 
Primer 

MHV68: 
17873…17892 
 

5’—GGC CCA AAT 
TCA ATT TGC CT—3’ 

TaqMan qPCR for 
MHV68 genome 

gB Reverse 
Primer 

MHV68: 
17924…17943 

5’—CCC TGG ACA 
ACT CCT CAA GC—3’ 

TaqMan qPCR for 
MHV68genome 
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gB Probe MHV68: 
17896…17921 
 

5’—ACA AGC TGA 
CCA CCA GCG TCA 
ACA AC—3’ 
 

TaqMan qPCR for 
MHV68genome 

18S Forward 
Primer 

Accession Number: 
NR_003278 

5’— AGA TCA AAA 
CCA ACC CGG TGA—
3’ 

RT-PCR and PCR 
for murine 18S 
gene 

18S Reverse 
Primer 

Accession Number: 
NR_003278 

5’—GGT AAG AGC 
ATC GAG GGG GC—
3’ 

RT-PCR and PCR 
for murine 18S 
gene 

ORF73 SYBR G 
– Forward Primer 

MHV68: 
104092…104073 

5’— GAG CCC CCT 
ACA GAG CCC CC 
—3’ 

SYBR Green qPCR 
for MHV68ORF73 
gene 

ORF73 SYBR G- 
Reverse Primer 

MHV68: 
103981…104000 
 

5’— CAC CTT GCT 
CTG CAC CGG CA  
—3’ 

SYBR Green qPCR 
for MHV68ORF73 
gene 

ORF6 SYBR G – 
Forward Primer 

MHV68: 
11699…11783 

5’— ATG TTG TCA 
GCA CCC ATG AA—3’ 

SYBR Green qPCR 
for MHV68ORF6 
gene 

ORF6 SYBR G – 
Reverse Primer 

MHV68: 
11802…11783 

5’— AAG GGC AGT 
AGC TGG TCA GA—3’ 

SYBR Green qPCR 
for MHV68ORF6 
gene 

M7 SYBR G – 
Forward Primer 

MHV68: 
70109…70128 

5’—GCT CCT GCT 
GAC ACA TCA GA—3’ 

SYBR Green qPCR 
for MHV68M7 gene 

M7 SYBR G – 
Reverse Primer 

MHV68: 
70185…70166 

5’—TGG GGT TTG 
GAC TCT GTA GG—3’ 

SYBR Green qPCR 
for MHV68M7 gene 

MHV68 ORF75A 
iQ SYBR - 
Forward Primer 

MHV68: 
114964…114945 

5’—ACC TGA CAC 
CCC AAG AAC AG—3’ 

SYBR Green qPCR 
for MHV68ORF75A 
gene 

MHV68 ORF75A 
iQ SYBR - 
Reverse Primer 

MHV68: 
114834…114853 

5’—GAG CAC TTT 
TGG TGG AGA GC—
3’ 

SYBR Green qPCR 
for MHV68ORF75A 
gene 

MHV68 ORF75B 
iQ SYBR - 
Forward Primer 

MHV68: 
113267…113248 

5’—CAG CCT CTC 
AAC CTT TCC AG—3’ 

SYBR Green qPCR 
for MHV68ORF75B 
gene 

MHV68 ORF75B 
iQ SYBR - 
Reverse Primer 

MHV68: 
113093…113112 

5’—ATA GGA GCC 
ACC GTT GAT TG—3’ 

SYBR Green qPCR 
for 
MHV68.ORF73βla 
ORF75B 

MHV68 ORF 75C 
iQ SYBR - 
Forward Primer 

MHV68: 
109930…109911 

5’—AAG ACA CAG 
AGG CTG GGA GA—
3’ 

SYBR Green qPCR 
for MHV68ORF75C 
gene 

MHV68 ORF75C 
iQ SYBR - 
Reverse Primer 

MHV68: 
109758…109777 

5’—GAC GGG TAG 
ACG TGG TGA CT—3’ 

SYBR Green qPCR 
for MHV68ORF75C 
gene 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 29, 2023. ; https://doi.org/10.1101/2023.06.21.545948doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.21.545948
http://creativecommons.org/licenses/by-nc/4.0/


BLAC SYBR G – 
Forward Primer 

MHV68.ORF73la: 
104867…104886 

5’—GCT ATG TGG 
CGC GGT ATT AT—3’ 

SYBR Green qPCR 
for 
MHV68.ORF73βla 
Blac gene 

BLAC SYBR G – 
Reverse Primer 

MHV68.ORF73la: 
104701…104720 

5’—AAG TTG GCC 
GCA GTG TTA TC—3’ 

SYBR Green qPCR 
for 
MHV68.ORF73βla 
Blac gene 

  571 

MHV68 genome coordinates refer to NC_001826.  In the case of MHV68.ORF73βla Bla 572 

gene, sequences correspond to NCBI GenBank: MH636806.1, the complete genome 573 

sequence of MHV68 containing the ORF73bla gene fusion.  574 
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Figure 1. MHV68-infected J774 macrophages are deficient in virus replication relative to permissive 
3T12 fibroblasts, despite evidence of equivalent virus entry and LANA gene expression. Analysis of 
MHV68 infection (MOI=1 PFU/cell) comparing 3T12 fibroblasts and J774 macrophages. (A) Representative 
brightfield images of infected 3T12 or J774 cells. 3T12 cells show early signs of CPE, including cell rounding 
(24 hpi) with extensive monolayer destruction (72 hpi), whereas J774 cells show minimal CPE. (B) Virus 
replication as defined by plaque assay. Data depict mean +/- SEM, with limit of detection at 102 PFU/mL (t=0, 
24, and 48 are from 2, 6, and 6 independent experiments with one biological sample per experiment). (C)
Flow cytometric analysis of LANAβlac expression defined by cleavage of the CCF2 fluorescent beta-
lactamase substrate. Data depict events that were single, viable cells, with values in the right gate defining 
the frequency of cells with CCF2 substrate cleavage, an indicator of LANAβlac expression. Samples infected 
with WT MHV68 (left panel) do not encode LANAβlac and define background cleavage. Representative flow 
cytometry plots were defined as samples that were closest to the mean frequency in panel D. (D) 
Quantification of LANAβlac + cell frequency defined by flow cytometry, showing mean +/- SEM, as in panel C. 
Data are from 3 independent experiments with 3 biological replicates per experiment. Data for 3T12 cells at 
72 hpi was not assessed due to extensive cell destruction.  Statistical analysis was performed using unpaired 
t test with statistically significant differences as indicated, * p<0.05, ** p<0.01, **** p<0.0001.
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Figure 2. MHV68-infected J774 macrophages are deficient in viral DNA replication and viral gene 
expression relative to infected fibroblasts. Analysis of MHV68 replication and gene expression 
(MOI=1 PFU/cell) comparing 3T12 fibroblasts and J774 macrophages at the indicated times. (A) Viral 
infection quantified by viral genome copies via q-PCR. (B-C) Quantitative analysis of viral RNA 
expression of ORF73 (immediate early gene), ORF6 (an early/late gene), and M7 (late gene) by qRT-
PCR, comparing (top row) 3T12 and J774 cells or (bottom row) time-dependent changes within J774s. 
“Relative Difference” defined as quantification of target gene transcript in comparison to reference gene 
transcript (host 18S) as described in Methods. Data are from 3 independent experiments with 3 
biological replicates per experiment, measured in technical triplicates. The value shown is the mean +/-
SEM of each experiment. Statistical analysis used unpaired t test with statistically significant differences 
as indicated. ** p<0.01, ****p<0.0001.  ns, not statistically significant.
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Figure 3. MHV68-infected J774 macrophages contain a small subset of cells that demonstrate lytic 
infection profiles. Analysis of MHV68 infection and lytic cycle profiles with either MHV68.H.GFP or 
MHV68.LANAblac (MOI=1 PFU/cell) comparing 3T12 fibroblasts and J774 macrophages. (A) Flow 
cytometric analysis of virus-expressed GFP in 3T12 or J774 cells. Data depict events that were single, 
viable cells, with values defining the frequency of cells with GFP expression, an indicator of 
MHV68.H.GFP infection, with gating strategy in Supp. Fig. 2. Samples infected with WT MHV68.LANAblac 
(left column), without the addition of the CCF2 fluorescent substrate, defined background fluorescence. (B)
Quantification of GFP + cell frequency defined by flow cytometry. Symbols depict individual experimental 
values, with data showing mean +/- SEM. (C) Flow cytometric analysis of MHV68 lytic viral protein vRCA
and phosphorylated host γH2AX in either 3T12 (top) or J774 (bottom) cells at the indicated timepoints, 
comparing mock (left) or WT MHV68.LANAblac infected cells. Data depict events that were single, viable 
cells, with values defining the frequency of cells with vRCA and/or phosphorylated host γH2AX, indicative 
of lytic MHV68 infection, with gating strategy presented in Supp. Fig. 3. Data for 3T12 cells at 48 hpi was 
not assessed due to extensive cell destruction. (D) Quantification of positive protein expression defined by 
flow cytometry, showing mean +/- SEM, as in panel C. Representative images were defined as samples 
that were closest to the mean frequency. Data are from 3 independent experiments with 2 biological 
experiments per experiment. Statistical analysis used unpaired t test with statistically significant 
differences as indicated. ****p<0.0001, **p<0.01. 
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A. B.

C.

Figure 4. J774 macrophages are capable of supporting lytic MHV68 replication following pre-
treatment with IL4, a known potentiator of virus replication in macrophages. Analysis of the effects of 
cytokine IL-4 on MHV68 infection and genome replication (MOI=1 PFU/cell) in 3T12 fibroblasts and J774 
macrophages. (A) Flow cytometric analysis of MHV68.H.GFP infection in 3T12 (top row), untreated J774 
(middle) or IL4-treated J774 cells (10 ng/mL, 18 hour pre-treatment with fresh IL4 added post-infection; 
bottom row). Data depict events that were single, viable cells, with values defining the frequency of cells 
with GFP expression, an indicator of viral infection, transcription and translation. Representative images 
were defined as samples that were closest to the mean frequency. (B) Quantification of GFP+ cell 
frequency defined by flow cytometry, as in panel A, with individual symbols representing independent 
biological samples and data showing mean +/- SEM. Data are from 3 independent experiments with 2 
biological replicates per experiment, measured in technical duplicates. (C) Quantitation of the impact of IL4 
treatment on MHV68.LANAblac viral DNA replication in MHV68-infected J774 cells quantified by qPCR. 
Cells were pre-treated with 0, 10 or 100 ng/mL murine IL-4 for 16 hours, with fresh IL4 added post-infection, 
and cells harvested for DNA at 0, 24, or 48hpi.  Data depict mean +/- SEM, with individual symbols 
representing independent biological samples. Data are from 3 independent experiments with 3 biological 
replicates per experiment measured in triplicate. Statistical analysis used (B) unpaired t test or (C) 1-way 
ANOVA comparing samples collected at the same timepoint untreated versus cytokine treated, with 
statistically significant differences as indicated, **p<0.01, ****p<0.0001. 
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Figure 5.  Single cell RNA-seq analysis of primary MHV68-infected LANAβlac+ peritoneal 
cells harvested 16 hours post infection in vivo. C57BL/6J mice were infected with 1x106 PFU of 
WT MHV68.LANAblac virus, with MHV68-infected, LANAblac+ peritoneal macrophages harvested 
and sort-purified at 16 hpi and subjected to scRNA-seq analysis.  Data focus on cell types identified 
based on Seurat-designated clusters as outlined in Supplemental Figures 4-5. (A-B) Visualization 
of cell types present within scRNA-seq dataset, with cell identities based on lineage marker genes 
depicted in panel B (C) Quantification of cell subsets defined by scRNA-seq identifies 
macrophages as the dominant population. (D-F) Quality control metrics across cell subsets, 
including UMI Count (D), Features (E), % mitochondrial reads (F), and S score, a proliferation-
associated gene signature (G). (H) UMAP visualization of cells that contain at least 1 viral UMI per 
cell identified by red. (I) % of cell subsets stratified by extent of viral UMIs detected per cell, 
including cells with >0.1% total reads that are viral UMIs (bright red), cells with detectable viral 
UMIs accounting for <0.1% of total reads (pale red), or no viral UMIs detected (gray).  In total, 56 
cells had >0.1% of total UMIs contributed by viral UMIs, including 23 of 9101 macrophages 
(0.25%), 25 of 25 macrophages with lytic gene expression (100%) and 8 of 70 dendritic cells 
(11.43%). Data are from 9,537 cells, with cell subsets containing between 36-9,101 cells (as in 
panel I).
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Figure 6.  scRNA-seq analysis of MHV68 transcription within LANAβlac+ peritoneal 
macrophages harvested ex vivo 16 hours post-infection. C57BL/6J mice were infected with 
1x106 PFU of WT MHV68.LANAblac virus, with MHV68-infected, LANAblac+ peritoneal 
macrophages harvested and sort-purified at 16 hpi and subjected to scRNA-seq analysis.  Analysis 
focuses on macrophage populations identified in Figure 5.  (A-C) Frequency of cells with detectable 
reads mapping to MHV68 genes, comparing (A) macrophages, (B) macrophages with proliferative 
gene signature, or (C) macrophages with lytic gene expression, with number of cells for each 
population indicated.  Viral genes are indicated on the x axis, arranged from left to right based on 
the gene arrangement for the published MHV68 genome, with the frequency of cells positive for 
each viral gene depicted on the y axis.  To facilitate comparison of gene expression across the viral 
genome and cell populations, circles are color-coded to identify values that are in the indicated 
ranges (as defined in the key, panel A).  Dotted lines indicate different threshholds for viral gene 
positivity, with these threshold values arbitrarily based on data.  For panel C, only genes with >75% 
positivity were color-coded, given the limited number of events in this cell subset.  (D) Frequency of 
macrophages based on viral gene expression, with a focus on the inter-relationship between 
ORF73, ORF75A, ORF75B, and ORF75C expression within single cells.  Data in panel D shows 
data from 9,174 macrophages including both proliferating and lytic subsets.  The frequency of viral 
UMI+ events differed between cell subsets in panels A-C (macrophages, 82.79% viral UMI+; 
macrophage proliferating (52.08% viral UMI+; macrophage lytic, 100% viral UMI+).
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A.

B.

Figure 7. MHV68-infected J774 macrophages express multiple ORF75 genes with ORF73 and ORF75A 
characterized by similar expression characteristics.  Analysis of MHV68.LANAblac gene expression 
(MOI=1 PFU/cell) comparing 3T12 fibroblasts and J774 macrophages. (A) Quantitation of viral RNAs for 
ORF73 (immediate early), ORF75A (immediate early/early-late), ORF75B (early) and ORF75C (late) genes 
during MHV68 infection by qRT-PCR, comparing expression in 3T12 and J774 cells at the indicated 
timepoints. Data are from 3 independent experiments with 3 biological replicates per experiment (depicted by 
individual symbols), measured in technical triplicates, with data showing mean +/- SEM for each timepoint and 
sample. Statistical analysis was done using unpaired t test with statistically significant differences as indicated. 
** p<0.01,***p<0.001 ****p<0.0001. (B) Quantitative RNA analysis of indicated genes in 3T12 and J774 cells, 
with or without treatment using a viral inhibitor (CDV or PAA). For panels A-B, “Relative Difference” defined as 
quantification of target gene transcript in comparison to reference gene transcript (host 18S) as described in 
Methods. Data for 3T12 cell line are from 1 independent experiment, J774 cell line data are from 2 
independent experiments, with three biological replicates per experiment, measured in technical triplicates.
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Supplementary Figure 1. Blac expression is equivalent to ORF73 expression during 
infection with WT MHV68 LANAβlac. Analysis of MHV68 gene expression after WT 
MHV68.LANAblac infection (MOI=1 PFU/cell). Samples are from experiments detailed in 
Fig. 2B at 24hpi, with ORF73 data presenting one replicate contained in Fig. 2B. Viral RNA 
analysis of ORF73 (immediate early gene) and beta-lactamase (blac) genes during MHV68 
infection in J774 and 3T12 cell lines by qRT-PCR. “Relative Difference” defined as 
quantification of target gene transcript in comparison to reference gene transcript (host 18S) 
as described in Methods. Data are from 1 independent experiments with 3 biological 
replicates per experiment, measured in technical triplicates. Symbols depict values from 
independent biological samples, with mean +/- SEM for each gene and condition depicted.  
Statistical analysis was done using unpaired t test with statistically significant differences as 
indicated.  ns, no statistical significance detected.  
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A.

Supplementary Figure 2. Gating of flow cytometry analysis of MHV68 LANAβlac and 
WT.MHV68.H.GFP. 3T12 cells infected with MHV68 LANAblac or WT.MHV68.H.GFP were analyzed by 
flow cytometry, as in Figure 3A. Samples were first analyzed by looking at the area of the forward scatter 
vs. the area of the side scatter for all cells. A gate was drawn around a majority of cells to exclude debris 
and named "generous cells." Doublet discrimination was then done by analyzing the cells from the 
"generous cells" gate by height vs. area for both forward and side scatter. Gates along the diagonal define 
single cells since single cells express a 1:1 height-to-area ratio. These singlets were then analyzed via a 
Live/Dead Fixable stain. A gate was drawn around live cells which uptake less of the fixable stain compared 
to dead cells. Live cells were then analyzed for GFP fluorescence as measured by the GFP detection 
channel. Cells infected with MHV68.LANAblac, without additional of the CCF2 fluorescent substrate, 
identified background fluorescence, in contrast to samples infected with WT.MHV68.HG which encoded 
GFP. Controls included single-stained samples with only one stain to define the bounds of a gate for the 
fluorophore of interest. 
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A.

Supplementary Figure 3. Gating of flow cytometry analysis of MHV68 LANAβlac infected J774 cells 
for lytic protein markers. J774 cells were infected as detailed in Figure 3C.  Samples were first analyzed 
by looking at the area of the forward scatter vs. the area of the side scatter for all cells. A gate was drawn 
around a majority of cells to exclude debris and named "generous cells." Doublet discrimination was then 
done by analyzing the cells in the "generous cells" by height vs. area for both forward and side scatter. 
Gates along the diagonal indicated single cells since single cells express a 1:1 height-to-area ratio. These 
singlets were then analyzed via a Live/Dead Fixable stain. A gate was drawn around live cells which 
uptake less of the fixable stain compared to dead cells. Live cells were then analyzed for antibody binding 
for lytic protein markers.  Controls included single-stained samples with only one stain to define the bounds 
of a gate for the fluorophore of interest (i.e. “single stain”). Further verification for fluorophores vRCA:PE
and pH2AX:AF647 were done with full minus one (FMO) controls. FMO control samples included the 
whole panel of fluorophores except for one to define the background fluorescence in the fluorescent 
channel of the excluded fluorophore.
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Supplemental Figure 4. Seurat-defined clustering of primary LANAβlac + peritoneal cells 
harvested 16 hours post-infection and subjected to scRNA-seq. Data focus on Seurat-based 
designation of 14 clusters of these data, corresponding to data shown in Figure 5. (A) UMAP 
visualization of Seurat-defined clusters. (B) Visualization of the frequency and magnitude of host 
gene expression across clusters, with cell type designation indicated on right side. (C-F) Quality 
control metrics across the 14 clusters, including (C) UMI Count, (D) Features, (E) % mitochondrial 
reads, and (F) S score, a proliferation-associated gene signature. (G) UMAP visualization of cells 
that contain at least 1 viral UMI per cell identified by red. (H) % of cells per cluster that contain at 
least 1 viral UMI. (I-J) % viral UMIs of total UMIs across clusters (panel I, y axis range from 0-50%), 
or (J) focused only on the majority of virus positive cells which have <0.1% viral UMIs per cell 
(excluding 56 cells with viral UMI > 0.1).  Data are from 9,537 cells, with clusters containing 
between 25-2,532 cells. Panel G is included to provide a frame of reference and depicts the same 
data as in Figure 5, panel H.
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Supplemental Figure 5.  Visualization of genes associated with distinct cell type 
designations designations in single-cell RNAseq study. Data correspond to that shown in 
Figure 4-5, Supplemental Figure 4. (A) Seurat-defined clustering of primary peritoneal 
LANAβlac+ cells harvested 16 hours post-infection and subjected to scRNA-seq, identifying 14 
clusters, visualized by UMAP dimensionality reduction. (B) Gene expression visualization on 
UMAP dimensionality reduction. Genes depicted are lineage defining genes used to identify cell 
types in Figure 4. Maximal expression is designated by purple, with absence of expression 
designated by gray. (A) is provided as a reference and is also shown as Supplemental Figure 
4A. Adgre1 encodes the F4/80 protein; Itgam encodes the CD11b protein. Both of these proteins 
are markers of peritoneal macrophages. Proliferative gene signature includes expression of 
Top2a, Mki67. Lytic gene expression characterized by ORF54, ORF7.  B cell signature defined 
by Cd19, CD79a. Monocyte cell signature defined by Ly6c2, Ccr2.  Dendritic cell signature 
defined by Itgax, H2-Ab1. T cell signature defined by Cd3d, Thy1.  
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