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Abstract 20 

Cytomegalovirus (CMV) is a beta-herpesvirus that latently infects most adult humans 21 

worldwide and is a major cause of morbidity and mortality in immunocompromised hosts. 22 

Latent human CMV (HCMV) is believed to reside in precursors of myeloid-lineage, leukocytes 23 

and monocytes, which give raise to macrophages and dendritic cells. We report here that 24 

human monocyte derived DCs (mo-DC) suppress HCMV infection in coculture with infected 25 

fibroblasts target cells in an effector-to-target-ratio dependent manner. Intriguingly, optimal 26 

activation of mo-DC was achieved in coculture conditions, not by their direct infection with 27 

HCMV, implying that mo-DC may recognize unique molecular patterns on, or within, infected 28 

fibroblasts. We show that HCMV is controlled by secreted factors that act by priming 29 

defenses in target cells rather than by direct viral neutralization, but we excluded a role for 30 

IFNs in this control. The expression of lytic viral genes in infected cells and the progression of 31 

infection were significantly slowed down, but this effect was reversible, indicating that the 32 

control of infection depended on the transient induction of antiviral effector molecules in 33 

target cells. Using immediate-early or late-phase reporter HCMVs, we show that soluble 34 

factors secreted in the cocultures suppress HCMV replication at both stages of the infection 35 

and that their antiviral effect is robust and comparable in numerous batches of mo-DCs as 36 

well as in primary fibroblasts and stromal cells.  37 

Importance 38 

Human cytomegalovirus is a widespread opportunistic pathogen that can cause severe 39 

disease and complications in vulnerable individuals. This includes newborn children, HIV 40 

AIDS patients or transplant recipients. Although the majority of healthy humans carry this 41 

virus throughout their lives without symptoms, it is not exactly clear which tissues in the 42 

 on N
ovem

ber 13, 2017 by H
elm

holtz-Z
entrum

 fuer Infektionsforschung - B
IB

LIO
T

H
E

K
-

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


 

3 
 

body are the main reservoirs of latent virus infection, or how the delicate balance between 43 

the virus and the immune system is maintained over the individual’s lifetime. Here for the 44 

first time, we provide evidence for a novel mechanism of direct virus control by a subset of 45 

human innate immune cells called Dendritic Cells, which are regarded as a major site of virus 46 

latency and reactivation. Our findings may have important implications in HCMV disease 47 

prevention as well as development of novel therapeutic approaches.   48 

Introduction 49 

Human cytomegalovirus (HCMV)  causes a subclinical primary infections in approximately 50 50 

to 100 percent of healthy individuals, depending on geographical and socio-economical 51 

differences of populations (1). Primary infection is followed by lifelong latent infection, 52 

which typically remains asymptomatic. HCMV infection is the most common cause of 53 

congenital infections, which may result in birth defects, and a major risk for complications in 54 

immune-suppressed and -compromised individuals (2-4). There is no vaccine available 55 

against HCMV. Therefore, the immune response and therapeutic strategies against this virus 56 

remain subjects of intense studies.  57 

HCMV infection elicits a strong immune response (5). The role of natural killer (NK) and T 58 

cells in controlling the primary infection as well as preventing reactivation from latency has 59 

been well-documented in animal models of cytomegalovirus infection (6, 7). The role of 60 

dendritic cells (DC) remains somewhat less clear, partly because HCMV replicates in some DC 61 

subsets. The major DC subsets in humans include the myeloid or classical (cDC), the 62 

plasmacytoid (pDC) and the monocyte-related (mDCs), where the last type includes the 63 

inflammatory CD1c+, CD16- DCs (8). HCMV can initiate a replicative infection in the in vitro 64 

generated monocyte derived DCs (mo-DCs) (9-12) or in the ex vivo harvested circulating 65 
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mDCs that closely resemble the phenotype of mo-DCs (13). HCMV in vitro infection triggers 66 

interferon and other cytokine responses in mo-DC (14) in a cGAS dependent manner (15), 67 

and this may recruit other immune subsets to the site of infection and coordinate the 68 

immune response.  On the other hand, HCMV downregulates HLA I expression and 69 

upregulates Fas ligand and TRAIL in infected DCs, protecting them from cytolytic cells and 70 

inducing apoptosis in activated T cells interfacing with them (16). Additionally, HCMV 71 

expresses an IL-10 homolog  in infected cells (17), which suppresses IFN-α/β production in 72 

nearby pDC (18, 19).  Taken together, numerous DC subsets interact with HCMV in a 73 

pleiotropic manner (20). They are essential for inducing the antiviral NK and T cell responses, 74 

but also a target of HCMV infection and immune evasion (21). However, DC responses to 75 

HCMV infection have so far been studied in DC monocultures, probably due to their 76 

permissiveness for HCMV and the assumption that mo-DC are triggered by direct viral 77 

infection. Notably, we found recently that murine cDCs release antiviral factors that control 78 

mouse CMV in co-cultured fibroblasts or endothelial cells (22).  79 

CMVs have coevolved with the host species and are strictly specific for the respective host 80 

cells, impairing our ability to study HCMV biology by in vivo infection models. Nevertheless, 81 

there are significant similarities between CMV of different species at the level of viral genes 82 

and their functions (23-25), and the murine CMV (MCMV) is widely used as model of virus-83 

host in vivo interactions. Murine pDC are the major source of type I interferon response to 84 

MCMV infection (26), yet do not support a replicative infection (27). Murine cDCs on the 85 

other hand can be infected with MCMV, but produce lower amounts of type I IFNs (20, 28). 86 

In vivo experiments have shown that DCs contribute to the control of CMV infection by 87 

indirect mechanisms inducing antiviral responses of NK and T cells (27, 29-31). More 88 

recently, we showed direct repression of MCMV infection and spread by bone marrow 89 
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derived DCs (mDC) (22) in coculture with infected endothelial and fibroblastic cells. The 90 

antiviral function was mediated by type 1 IFN secretion as well as other yet unidentified 91 

soluble antiviral factors (22).  92 

We hypothesized that a similar antiviral function may be exerted by HCMV and therefore, 93 

studied the ability of human mo-DCs to control HCMV replication in human endothelial and 94 

fibroblastic cells. Here, we show a robust dose-dependent control of HCMV replication in 95 

fibroblasts cocultured with mo-DCs, mediated by soluble factors released into the 96 

supernatant. The antiviral factors stimulated the innate antiviral defenses of the target cells 97 

and repressed the expression of immediate early as well as late HCMV genes, thereby 98 

slowing the progression of the infection in a reversible manner. In contrast to the previously 99 

reported results in the murine system, this was not dependent on signaling via Interferon-100 

alpha/beta receptor (IFNAR). Finally, we show that only cocultures of infected fibroblasts 101 

and mo-DC induced the supernatants from displayed antiviral properties, whereas 102 

supernatants from monocultures of HCMV-infected mo-DC were not protective against 103 

HCMV spread in human cell lines or in primary human fibroblasts and stromal cell cultures.   104 

  105 
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Results 106 

Human mo-DCs suppress spread of HCMV infection in cocultured human 107 

fibroblasts  108 

To test the ability of human DCs in controlling HCMV replication in coculture with virus-109 

infected target cells, we generated mo-DC populations by differentiating CD14+ blood 110 

monocytes using a conventional protocol (32). We infected MRC-5 fibroblasts with the dual 111 

late-gene reporter virus, TB40/E-UL32GFP/UL100mCherry (HCMVdLr) (33) at a multiplicity of 112 

infection (MOI) of 0.0125 plaque forming units (PFU) per target cell, which enabled reliable 113 

counting of infected cell in a 96-well plate format. After two hours of infection, the virus 114 

suspension was removed from cells and mo-DCs (effector cells) were added to the infected 115 

MRC-5 cells (target cells) at effector to target (E:T) ratios between 5:1 to 1:1 (Fig. 1A, 116 

experimental scheme in Fig. S1A). At 5-6 days post infection (dpi), the infected GFP and 117 

mCherry expressing MRC-5 cells were identified by epifluorescence microscopy and counted 118 

in each well (Fig. 1A). We observed a dose-dependent control of infection that reached 119 

statistical significance at E:T 2:1, where we observed about a 75% reduction in number of 120 

infected cells (Fig. 1A). To facilitate a faster work-flow, we adopted a rapid mo-DC 121 

generation protocol, which allowed to differentiate and mature mo-DCs during 4, instead of 122 

9 days (34). We validated the functional similarity of rapidly generated mo-DCs to the 123 

conventionally generated ones by testing virus control in identical settings and included an 124 

extended range of E:T ratios (Fig. 1B). We observed the same dose-dependent control 125 

starting at E:T ratios 1:1 to 2:1,  and an almost complete absence of infected cells at ratios 126 

10:1 and 15:1. The mo-DCs were generated from PBMCs from several CMV seronegative 127 

donors, but despite some variation in potency among different donors (data not shown), 128 

almost all mo-DCs batches showed the same robust trend of dose-dependent control.  To 129 
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see if this repression correlated with reduction of lytic replication of the virus, cells were 130 

infected and cocultured with mo-DC at E:Ts of 20:1, 10:1 and 4:1. At 14 dpi, infectious virus 131 

titers in the supernatants were compared to control wells infected in absence of mo-DC by 132 

plaque assay, where we observed significant reductions in the presence of mo-DC (Fig. 1C).  133 

To define the kinetics of HCMV spread in the presence of mo-DCs, we monitored HCMVdLr-134 

infected cocultures of MRC-5 and mo-DCs at E:T of 10:1 over 15 days and compared them to 135 

control conditions without mo-DCs. To allow for dynamic quantification of infected cells up 136 

to 15 dpi, cells were infected with 45 PFU/well (MOI=0.0015) and counted at 6, 9, 12 and 15 137 

dpi. We observed major differences at every time point, with less than 10 infected cells per 138 

well detectable at all times (Fig. 1D, blue squares), whereas the numbers expanded rapidly in 139 

control wells lacking mo-DCs (Fig. 1D, black circles). To assess if the antiviral effect is 140 

reversible, mo-DCs along with the supernatant content of the well were removed and 141 

replaced with fresh medium at 6 dpi and infection was monitored until dpi 15 (Fig. 1D, red 142 

triangles). The number of infected cells increased at a higher rate than in wells where mo-143 

DCs were left in coculture. To determine if infection can be fully eliminated by the mo-DCs, 144 

or if virus replication may restart even after the virus was entirely contained, cells were 145 

infected with the HCMVdLr at a much lower MOI of 0.0002 (6 PFUs/well), at which it was 146 

reliably possible to detect at least one infected cell per well in control conditions. Six days 147 

later, we surveyed all 12 replicates wells for the presence of any infected cell (i.e. positive 148 

well). While almost all control wells contained an infected cell and were therefore positive 149 

(Fig. 1E, black), approximately 8 out of 12 mo-DC containing wells remained negative. Mo-150 

DCs were removed (red triangles) or not (blue squares) at 6 dpi and infection was monitored 151 

for an additional 15 days (Fig. 1E). By 21 dpi, almost all previously negative wells from which 152 
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the mo-DCs were removed became positive, whereas this was the case in only a few mo-DC 153 

containing wells (blue squares). 154 

Therefore, monocyte derived human DCs potently suppressed the spread of HCMV infection 155 

in cocultured human fibroblasts. This block occurred in a ratio-dependent manner and 156 

required continuous surveillance, but was independent of the mo-DC generation protocol. 157 

Consequently, the rapid mo-DC generation protocol was used in subsequent experiments.  158 

Mo-DCs suppress the spread of HCMV and repress expression of the major 159 

immediate early genes ie1/2 160 

While the coculture with mo-DC reversibly impaired HCMV spread, it remained unclear 161 

whether the effects occurred at early or at late stages of the infection cycle. Namely, as the 162 

fluorescent reporter genes in HCMVdLr are expressed by late viral promoters, their 163 

expression would be affected by blocks in both the early, and the late stage. Thus, we 164 

generated a novel immediate-early reporter virus TB40/E-UL122/123mNeonGreen (HCMVIEr) 165 

expressing the bright mNeonGreen fluorescence protein (35) under the control of the 166 

endogenous HCMV major immediate-early promoter and in equimolar ratio to the total 167 

products of ie1 and ie2 genes (Fig. S2A). We infected MRC-5 cells with 150 PFU of HCMVIEr 168 

(MOI=0.005), cocultured them with mo-DCs at various ratios (Fig. 2) and counted the 169 

number of infection foci per well at 3 dpi (Fig. 2A). As observed with the HCMVdLr, mo-DCs 170 

suppressed the spread of infection in a E:T ratio-dependent manner, yet a complete 171 

abrogation of infection could not be achieved even at high ratios. In fact, single infected cells 172 

kept appearing over time and the size of infection foci increased even under high E:T ratios. 173 

Nevertheless, the progression of infection was significantly slowed down in the presence of 174 

mo-DCs, resulting in a striking contrast between high and low ratio conditions (15:1 vs 4:1) 175 

and w/o mo-DC controls at dpi 8 (Fig. 2B) or 23 (Fig. 2C). To define if mo-DC may entirely 176 
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block HCMV spread in ideal conditions, we monitored the mNeonGreen signal upon 177 

infection at very low dose of HCMVIEr (6 PFU/well = MOI 0.0002), using the same conditions 178 

as applied before in the experiment depicted in Fig. 1E.  Virtually all control wells (black 179 

circles) were positive at dpi 6 (Fig. 2D), while approximately half of the 12 wells remained 180 

negative in presence of mo-DCs (blue squares and red triangles). Removal of mo-DC at 6 dpi 181 

led to a spike in number of positive wells already 3 days later (red triangles), and by 15 dpi, 182 

all wells from which mo-DCs were removed were positive. Unlike in the experiment shown in 183 

Fig. 1E, however, the number of positive wells increased even in the continuous presence of 184 

mo-DC in coculture (blue squares), albeit at a slower pace, yet by the end of the experiment, 185 

almost all wells from all conditions were positive (Fig. 2D).  186 

We therefore conclude that mo-DCs may repress, but not fully block, the expression of 187 

HCMV lytic genes. Since the block was more pronounced at late stages (Fig. 1) than at the 188 

immediate-early one (Fig. 2), our data indicated that the antiviral effects might act at the 189 

level of both phases and accumulate with the progression of the infection 190 

Antiviral function of activated mo-DCs is mediated via soluble factors that delay 191 

and repress IE gene expression  192 

We hypothesized that mo-DCs may suppress viral replication by releasing soluble antiviral 193 

factors. In that case, viral gene expression would be repressed by conditioned supernatant 194 

(SN°) from mo-DC cocultures. To test this, we harvested supernatant of mo-DCs coculture 195 

with infected MRC-5 at 6-8 dpi and filtered it through 0.1 µm pore-size filters to remove cells 196 

and virus particles (Fig. S1B). We followed the early dynamics of HCMV gene expression in 197 

real-time by live cell imaging. The infection of MRC-5 fibroblasts with HCMVIEr was 198 

synchronized by restricting the infection to a 10-minute window (36). SN° was added 199 

immediately upon virus removal and the reporter signal was dynamically monitored and 200 

 on N
ovem

ber 13, 2017 by H
elm

holtz-Z
entrum

 fuer Infektionsforschung - B
IB

LIO
T

H
E

K
-

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


 

10 
 

quantified. In control condition, the IE-reporter signal became detectable at approximately 3 201 

hpi (Fig. 3C) and steadily increased as the infection progressed (Fig. 3A, B, blue). In SN° 202 

treated cells however, the onset of the signal was significantly delayed, starting at 203 

approximately 5 hpi (Fig. 3B, 3C, red) and increased at a reduced rate (Fig. 3A). The intensity 204 

of the reporter signal, and therefore IE gene expression, increased strikingly faster in 205 

untreated control cells (Fig. 3A blue) and this correlated with prominent changes in cell 206 

morphology as well as disruption of the cell monolayer (Fig. 3D, second row; see also Movie  207 

S1).  208 

Antiviral function of mo-DCs is independent of type I interferon 209 

DC are known to secrete interferon (IFN) beta and alpha in response to CMV infection (37), 210 

and thus we considered it likely that type I IFNs are the soluble factors repressing HCMV 211 

replication in our system. Therefore, we measured the available IFN-β in the mo-DC 212 

coculture SN by high-sensitivity ELISA (Fig. 4A & Fig. S3A). The concentration of the available 213 

IFN-β was elevated in infected cocultures over MRC-5 monocultures, but reached 214 

concentrations of only 2-8 U/mL at E:T 20:1 and E:T 4:1 ratios. We considered the possibility 215 

that the released type I IFNs are immediately bound to receptors on target cells, and thus 216 

measured IFN levels in the presence of α-IFNAR2, that blocks attachment of IFN-β to subunit 217 

2 of the heterodimeric common type I IFN receptor IFNAR (38). In presence of α-IFNAR2, the 218 

IFN-β concentration was significantly higher and reached approximately 30-50 U/mL (Fig. 219 

4A). This argued that activated mo-DCs generate significant amounts of IFN-β and that IFN-β 220 

is sequestered from SN by the IFNAR in cocultures. We next tested the effect of the 221 

concentration of IFN-β added after infection on the control of HCMV in MRC-5s. We 222 

observed that IFN-β concentrations up to 30-50 U/mL correlated with improved protective 223 

effect at all MOIs tested, but further increases were ineffective (Fig. S3B). 224 
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To test if the mo-DC suppress HCMV infection by releasing type-I IFN, we used the α-IFNAR2 225 

antibody to block downstream IFNAR signaling (39). Cocultures of mo-DCs and infected 226 

MRC-5 at E:Ts of 20:1, 10;1 and 4:1 were treated with 10 µg/mL α-IFNAR2 starting at 24 h 227 

before infection and maintained for the duration of the experiment (Fig. 4B). We observed 228 

the E:T ratio-dependent reduction of virus titers, and blocking of IFN type I signaling did not 229 

lead to the rescue of virus titers relative to untreated wells (Fig. 4B). If anything, IFNAR 230 

blocking consistently decreased the viral titer in presence of mo-DCs, although this effect 231 

was not statistically significant (Fig. 4B).  We considered the possibility that α-IFNAR2 effects 232 

may be manifest at gene expression level rather than at the PFU level. Therefore, we 233 

measured mNeonGreen expression upon infection with HCMVIEr yet in the presence of mo-234 

DC and α-IFNAR2. We observed no increase in the number of infected cells over the control 235 

cocultures lacking α-IFNAR2 (Fig. 4C) and they were not enlarged in the presence of α-236 

IFNAR2 (Fig. 4D). In fact, the foci appeared smaller in α-IFNAR2 presence, matching the PFU 237 

results (Fig. 4B).  In sum, the evidence argued against a major role for type I IFN in the 238 

observed antiviral effect of mo-DCs. 239 

We considered the possibility that the IFNAR-2 blocking antibody might not be sufficiently 240 

efficient at blocking antiviral IFNAR effects in our assays. Therefore, we tested HCMVIEr 241 

replication in MRC-5 fibroblasts in presence of IFN-β and IFNAR2 blocking antibodies (Fig. 242 

S4A). While IFN-β fully abrogated infectious virus titer if added before infection and 243 

significantly reduced it if added immediately post infection, IFNAR2 blocking antibodies 244 

dampened this effect, increasing the virus titer (Fig. S4B). We also tested the effect of 245 

various concentrations and timings for α-IFNAR2 as well as IFN-β treatments (Fig. S4C). Data 246 

showed that α-IFNAR2 could effectively block IFNAR signaling and thus block the antiviral 247 
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effect of IFN-β that was added to infected cells just after the infection at concentrations up 248 

to 500 U/mL (Fig. S4C).  249 

Since mo-DCs produced comparable levels of IFN-β at E:T 4:1 and 20:1 ratios (Fig. 4A) at 250 

which the antiviral effects were not identical (Fig. 2A), and blocking IFNAR did not diminish 251 

the antiviral effect of mo-DCs (Fig. 4B-D), our data argued that  IFN signaling did not play a 252 

major role in the control of HCMV by mo-DCs.   253 

Antiviral factors from mo-DCs stimulate antiviral defenses of target cells  254 

The antiviral action of mo-DCs was mediated by soluble factors beyond IFN type I. We 255 

considered the possibility that the antiviral activity may occur by factors directly interacting 256 

with viral particles (40), viral gene product (41), or by factors that elicit signaling pathways 257 

and activate cellular antiviral defenses of the target cells.  258 

We tested these scenarios by additionally treating MRC-5 with the antiviral supernatant for 259 

24 h before the infection, or at the time of infection, and comparing these cells to those 260 

where SN° was added just after HCMVIEr infection (Fig. 5A). We measured the rate of 261 

infection and the mNeonGreen signal by flow-cytometry (Fig. 5B). While the frequency of 262 

infected cells was reduced in all SN°-treated groups, pre-treatment of cells with the SN° lead 263 

to the most effective control of infection (Fig. 5C, S5B). Adding SN° only after infection was 264 

the least protective and adding the SN° at the time of infection resulted in an intermediate 265 

antiviral effect. Likewise, SN° pretreatment reduced the reporter mean fluorescence signal 266 

intensity (MFI) more efficiently than SN° added at the time of infection, or only after 267 

infection (Fig. 5D). Suppression of infection did not correlate significantly with loss of cell 268 

viability (Fig.  S5A, 2B-C). Therefore, our data argued that the antiviral SN acts by inducing 269 

non-cytotoxic antiviral signaling pathways in target cells. 270 
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Mo-DCs are activated by contact with infected MRC-5 cells, but not by direct 271 

infection 272 

It remained unclear if the antiviral function of mo-DC was stimulated by simple contact with 273 

uninfected MRC-5 cells, by direct virus infection, or by contact with infected MRC-5 cells. 274 

Therefore, we compared the effect of conditioned SN from (i) infected mo-DC/MRC-5 275 

cocultures, (ii) uninfected cocultures of DCs and MRC-5 cells or (iii) mo-DCs infected with 276 

HCMV in absence of MRC-5 cells. Conditioned SN was added to MRC-5 cells infected with the 277 

dual late reporter HCMVdLr and their effect defined by comparing the spread of infection at 278 

dpi 5-6. Only the SNs from infected mo-DC/MRC-5 cocultures effectively suppressed HCMVdLr 279 

spread (Fig. 6A&B), whereas SN from uninfected cocultures did not. Even more intriguingly, 280 

SN from mo-DCs directly infected with HCMV, in the absence of MRC-5 cells, did not inhibit 281 

virus spread (Fig.  6B). We repeated the assay using the immediate-early HCMVIEr reporter 282 

virus (Fig.  6C&D). As in the case of the late reporter, only the SN from infected cocultures 283 

reduced HCMVIEr  spread (Fig.  6C, 6D), and it was irrelevant if HCMVIEr or HCMVdLr was used 284 

for the infection of the primary coculture. Likewise, SN from DCs infected in absence of 285 

MRC-5 or from uninfected DC-MRC-5 cocultures showed no antiviral effect. Finally, we 286 

tested the supernatants from different co-culture and/or infection conditions for multiple 287 

IFNs, including IFN-α2, -β, -γ, -λ1 or λ2/3. While we observed a clear induction of all IFN 288 

responses in HCMV infected DC monocultures, none of them was induced in the case of the 289 

antiviral SN° derived from infected MRC-5+mo-DC co-cultures (Fig.  6E).  290 

Taken together, these data indicated that mo-DC secreted antiviral factors repressing HCMV 291 

IE and late gene expression are independent of major type I-III interferons and are only 292 

induced by the interaction of mo-DC with infected MRC-5 cells, arguing that mo-DC possess 293 

sensors that recognize infected cells and trigger their activation.  294 
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Antiviral function of mo-DCs is maintained in primary target cells  295 

To test if mo-DC antiviral activity is restricted to the control of HCMV in the fibroblastic cell 296 

line MRC-5, or if it acts broadly in primary HCMV permissive cells of different origins, we 297 

isolated primary stromal cells from human lung and liver tissue and used them in coculture 298 

experiments. These cells were primarily composed of fibroblastic and endothelial cell types, 299 

and were compared to primary human foreskin fibroblasts infected with HCMVIEr and 300 

cocultured with mo-DC (Fig. 7A). mo-DCs suppressed the spread of infection in an E:T ratio 301 

dependent manner in most primary cell cultures, with robust antiviral effect observed is 302 

some (Fig. 7A, Lung#38), although not in all lines (Fig. 7A, Lung#78). Antiviral SN from 303 

infected mo-DC/MRC-5 cocultures had a similar effect on HCMVIEr-infection in primary cell 304 

cultures (Fig. 7B). Therefore, the antiviral effect of mo-DCs was not exclusive to the MRC-5 305 

cell line and is likely to act on a wide variety of cell types. Taken together, our data show that 306 

soluble factors secreted from human mo-DCs are able to repress HCMV gene expression and 307 

suppress the spread of infection in a variety of target cells independently of IFN-β. 308 

Discussion  309 

Numerous studies have demonstrated the ability of CMV to infect and establish latency in 310 

monocytes and DCs derived from them (21, 42-45), but these studies were customarily 311 

focused on the study of mo-DC behavior in monocultures. We showed recently a role for DCs 312 

in controlling CMV infection in nearby cells in a murine model, where in vitro infected 313 

fibroblasts or endothelial cells were cocultured with mDC (22). We expand on the findings 314 

from that report and show that human mo-DC are activated by HCMV infected fibroblasts in 315 

a manner that functionally differs from direct infection of mo-DC in monocultures. While the 316 

identity of this trigger at the molecular level goes beyond the scope of this study, its broader 317 
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implication is that in addition to recognizing pathogen-associated molecular patterns, mo-318 

DCs may also detect nearby infected cells and likely engage in receptor/ligand interactions 319 

with them. In this report, we provide evidence of this novel immune sensing mechanism.   320 

We partly identified the mechanism of antiviral action of mo-DC; we demonstrate that 321 

HCMV is contained by soluble factors released in mo-DC/fibroblast cocultures, and that 322 

these factors already act during, or before immediate-early gene expression. While viral 323 

repression was even stronger at later stages of the viral replication cycle, one needs to 324 

consider that any cumulative antiviral effects would result in a more profound repression of 325 

the virus at later stages. Importantly, the antiviral effects were stronger if the target cells 326 

were pretreated with the conditioned supernatants, arguing against direct virus inactivation 327 

(40). Therefore, our data may be consistent with a model where factors released by mo-DCs 328 

induce antiviral effector pathways in the target cells.  329 

Based on our data from the murine model, we considered type I IFN signaling to be a likely 330 

candidate for driving the antiviral effect, but assays with the IFNAR-blocking antibody argue 331 

against this scenario. On the other hand, data from the murine system did not exclude the 332 

possibility that IFN signaling requires synergizing with additional factors to control MCMV 333 

(22). Therefore, we cannot exclude the possibility that the antiviral action of human mo-DCs 334 

partially overlaps with the mechanisms in murine cocultures. Both murine and human DCs 335 

blocked viral gene expression at the immediate early stage, and viral gene expression was 336 

reconstituted upon mo-DC removal from cocultures, resembling reactivation phenotypes in 337 

HCMV models of in vitro latency (43, 46, 47). Since the balance of virus latency appears to 338 

hinge on cell-signaling (48) and may be influenced via cellular inflammatory cytokines (42, 339 

49) our data raise the possibility that factors released by myeloid cells, or by their 340 

precursors, may actively regulate viral gene expression and replication, balancing HCMV 341 
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latency and reactivation. Considering that all currently studied in vitro models of HCMV 342 

latency are based on the infection of monocytes or their precursors, our data raise the 343 

intriguing possibility that at least part of this phenomenon is due to autocrine or paracrine 344 

factors released by myeloid cells (49). 345 

We used a novel HCMV reporter virus in this study, in which a fluorescence reporter gene 346 

was expressed by the endogenous major immediate-early promoter. Live-cell imaging of 347 

cells infected with this virus have allowed us to show that mo-DCs delay immediate-early 348 

gene expression, although they do not entirely abrogate its expression. Future research will 349 

focus on the identification of the soluble factors critical for HCMV control at this stage, in 350 

order to appraise the feasibility of their utilization for treatment of HCMV infection and 351 

disease. By developing the in vitro model of mo-DC/fibroblast coculture, we have opened 352 

the doors towards such approaches.  353 

  354 
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Materials and methods 355 

Cells 356 

Human embryonic lung fibroblast MRC-5 (ATCC® CCL171) were maintained in Eagle’s 357 

Minimum Essential Medium (EMEM, Sigma-Aldrich, #M5650) supplemented with 10% FCS, 358 

1% Sodium Pyruvate, 1% Penicillin/ Streptomycin and incubated at 37°C with 5% CO2. 359 

Human monocyte derived DCs (mo-DC) were generated and maintained in RPMI 1640 360 

medium (Sigma-Aldrich) supplemented with 10% FSC and 1% Penicillin/ Streptomycin and 361 

incubated at 37°C with 5% CO2. Human primary stromal liver and lung cells were isolated 362 

from donated liver tissue biopsy samples and explanted lung tissue of transplant recipients 363 

from the Hanover Medical School, as described elsewhere (50, 51) and maintained in EGM-364 

2MV primary endothelial medium (Lonza). Primary human foreskin fibroblasts were 365 

cultivated in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich, 366 

#D5796) supplemented with 10% FSC and 1% Penicillin/ Streptomycin and incubated at 37°C 367 

with 5% CO2. 368 

Generation of human monocyte-derived DCs 369 

PBMCs were isolated from leukoreduction system (LRS) filter chambers used in apheresis 370 

machines of the Institute for Transfusion Medicine of the Hannover Medical School as 371 

described before (52) within 18 hours after the donation by healthy individuals using 372 

Lymphoprep (Stemcell technologies, Canada) density gradient centrifugation (53). 373 

Conventional mo-DC generation protocol: As described previously (32), monocytes were 374 

separated form rest of PBMCs via two subsequent rounds of plastic adherence in serum free 375 

RPMI (54) or magnetically sorted (MACS) using α-CD14 microbeads (human CD14+ 376 

Microbeads and AutoMACS Pro separator Miltenyi Biotec, Germany) and cultivated at 2x106 377 

cells/mL in full RPMI with 800 U/mL GM-CSF (Peprotech, USA) and 500 U/mL IL-4 378 
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(Peprotech, USA) for five days, after which they were transferred to full fresh RPMI 379 

containing GM-CSF, IL-4 and 100U/mL TNF-α (R&D Systems, USA) for an additional 3-5 days 380 

of maturation. Mature conventionally generated mo-DCs were then thoroughly washed and 381 

pelleted three times in PBS and used in experiments within 6 hours. Rapid generation 382 

protocol: as previously shown (34, 55, 56), MACS sorted CD14+ monocytes were cultivated 383 

at 1-2x106 cells/mL in full RPMI in the presence of differentiation cocktail containing 200-500 384 

U/mL GM-CSF, 50-200 U/mL IL-4 and 1,000 U/mL IFN-β for 36-48 hours. Thereupon, 200 385 

U/mL TNF-α (Peprotech, USA), 5,000-1,000 U/mL IL-1β (Peprotech, USA) and 1µg/mL 386 

prostaglandin E2 (PGE2, Biolegend, Germany) were added for an additional 2-3 days to 387 

induce DC maturation.  388 

Viruses  389 

In the dual reporter HCMV strain TB40/E-UL32-GFP/UL100-mCherry, EGFP and mCherry are 390 

fused to the C-terminus of the late phase capsid-associated tegument protein pUL32 (pp150) 391 

and the envelope glycoprotein M (UL100) respectively, expressing readily detectable green 392 

and red fluorescence signals in lytically infected host cells as described elsewhere (33). 393 

Reporter HCMV strain HCMV TB40/E-UL122/123-mNeonGreen was generated using en 394 

passant BAC mutagenesis (57) on a TB40/E-BAC background (genebank#EF999921) as 395 

described elsewhere (58), with the difference that the US region of the BAC is inverted 396 

relative to the original BAC. The mNeonGreen (mNG) gene, coding a novel bright green 397 

fluorescent protein (Allele Biotech, USA) (35), linked to the P2A peptide (59) was inserted 398 

before the start codon of UL122/123 exon 2  (Fig. S2A). Endogenous HCMV major 399 

immediate-early (MIE) promoter drives mNG-P2A expression in an equimolar ratio with the 400 

products of MIE genes UL123 (IE1) and UL122 (IE2). Ribosomal skipping between glycine 21 401 

and proline 22 of P2A peptide causes efficient cleavage at this position, separating mNG with 402 
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a 23 amino acid long residue, 2 linker AAs plus 21 of the P2A, on its C-terminus, while leaving 403 

one proline from P2A at the N-terminus of the exon 2 of MIE gene products, effectively 404 

minimizing risk of interference with function of viral proteins compared to a fusion protein 405 

approach. The reporter insertion and final BAC sequence were confirmed by Sanger 406 

sequencing. The reporter virus has identical growth kinetics with its parental virus (Fig. S2B).  407 

Coculture with the monocyte derived dendritic cells, mo-DCs 408 

Immediately after virus suspension was removed, monocyte derived dendritic cells, 409 

harvested from maturation within 6 hours of the start of the experiment, were added to 410 

infected target cells at defined effector to target (E:T) ratios in 200 µL full medium (based on 411 

target cells) per well in 3-12 well replicates. A schematic outline is depicted in Fig. S1A.  412 

Generation and processing of antiviral coculture supernatant 413 

Mo-DCs were added to uninfected or HCMV infected (MOI 0.01, 2 h) MRC-5 at E:T of 10:1, or 414 

mo-DCs were left uninfected or infected for 2 h with HCMV at MOI 1.0, in wells of a 6-well 415 

plate or 3.5 cm culture dish, containing 5 mL full RPMI medium. After 6-8 days, the well 416 

content was collected and centrifuged for 5 minutes at 700 g at 4°C to remove cells and 417 

debris, filtered through a 0.1µm-pore size syringe mounted filter, aliquoted and frozen at -418 

20°C until use. A schematic outline is depicted in Fig. S1B. 419 

Virus titration  420 

The titer of cell-free virus in well supernatant was quantified by plaque assay. At the readout 421 

time point, SN was removed and frozen at -80°C before use. 100 µL of SN was serially diluted 422 

in full EMEM and added to 30,000 fresh MRC-5 seeded one day in advance for two hours of 423 

incubation. Virus suspension was removed and cells were overlaid with EMEM containing 5% 424 
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carboxymethylcellulose. After 5-8 days of incubation, virus plaques were counted and the 425 

virus titer is reported as plaque forming units (PFU) per milliliter of SN.  426 

Infection and quantification by microscopy 427 

Human embryonic fibroblast-like cell line MRC-5 or foreskin fibroblasts HFF were seeded at 428 

25,000 cells/well in flat bottom 96 well plates one day before infection. Human primary 429 

stromal cells from lung and liver were seeded in numbers to reach 30,000 on the day of 430 

infection, on 0.2% gelatin (in PBS solution) coated plates. For infection, virus was added in 431 

100 µL suspension in defined multiplicity of infection (MOI) and incubated at 37°C for two 432 

hours, before the virus suspension was removed. When TB40E-UL32GFP-UL100mCherry dual 433 

late-gene reporter virus (HCMVdLr) was used, infected single cells expressing both the green 434 

EGFP and the red mCherry fluorescence signals were counted at 5-6 dpi unless stated 435 

otherwise.  When the TB40E-UL122/123-mNeonGreen immediate early reporter virus 436 

(HCMVIEr) was used, mNeonGreen expressing infection foci (group of several infected cells 437 

that do not yet show clearly observable CPE) were visible already by day 2. The foci were 438 

quantified at day 2-3 before merging of growing adjacent foci or spread of secondary 439 

infection would affect the readout (Fig. S1A). Alternatively, a centrifugal enhancement 440 

protocol of infection was used when synchronous infection of target cells was required. 441 

Virus suspension in 100µL per well was centrifuged at 2000 rpm, for 10 min at room 442 

temperature, essentially as described elsewhere (36). This protocol increased the rate of 443 

infection by a factor of 3-5 compared to the 2 h incubation method and therefore MOIs for 444 

these was based on centrifugally enhanced virus titration. 445 

Live cell imaging and quantification  446 

MRC-5 fibroblasts were seeded at 75,000 cells/chamber on glass bottom live cells imaging 447 

dishes (Hi-Q4, ibidi) and infected at an MOI of 0.035 with the centrifugal method, followed 448 
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by removal of the virus suspension. A BioStation IM-Q live-cell screening system (Nikon, 449 

Japan) with a complete environmental incubation system was used to follow the infection 450 

for up to 8 days. Images were acquired from up to 24 fields per condition at 20X 451 

magnification, 1024*940 pixels in bright field, GFP and TexasRed channels when applicable, 452 

at 12% illumination intensity, 500 ms exposure and 5.6 gain settings for fluorescence 453 

channels with acquisition rates one image per every 20 to 60 min. Time series stacks for all 454 

fields were analyzed automatically using an in-house created Fiji (ImageJ) (60) macro 455 

(supplementary materials & methods and Fig. S6). Briefly, the bright IE-mNeonGreen signal 456 

was used to detect infected cells and then to measure and reports the mean fluorescence 457 

signal intensity for infected cells and the background in each frame, in the GFP (for 458 

mNeonGreen) channel of the BioStation IM-Q. Mean signal from all cells in a frame was 459 

divided by the mean background signal (i.e. signal ratio) in order to compensate random 460 

signal fluctuations, as well as field-to-field and experiment-to-experiment variations (e.g. see 461 

Fig. 5G & Movie S1), and was plotted in Graph Pad Prism. Onset time was defined as the 462 

time point of the first frame after which the signal ratio steadily increased in every 463 

subsequent frame (i.e. point of true deviation from asymptote) and was analyzed manually. 464 

Blocking of type I interferon signaling  465 

Antibody against the Human Interferon (alpha, beta and omega) Receptor 2 (IFNAR2, PBL 466 

Assay Science, USA #21385-1, clone MMHAR-2) was used to block IFNAR2 subunit of the 467 

common IFN type I receptor and neutralize IFN-I signaling. Depending on the experimental 468 

conditions, cells were treated for up to 24 h before infection in up to 20 µg/mL of α-IFNAR2 469 

antibody. After infection, α-IFNAR2 was again added to cells at up to 20 µg/mL. In longer 470 

experiments, fresh antibody was added to the well at half of the original concentration every 471 

7 days.   472 
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IFN ELISA and multiplex assay 473 

Were performed using the Human IFN Beta ELISA Kit, High Sensitivity Serum, Plasma, TCM 474 

(PBL Assay Science, USA, # 41415-1) and the LEGENDplex™ Human Anti-Virus Response 475 

Panel (BioLegend, USA, # 740390) according to manufacturer’s instructions. Nominal limit of 476 

detection for ELISA was 0.39 U/mL (1.17 pg/mL). 477 

Flow cytometric analysis of infection 478 

Infected cells were DAPI stained before trypsinization for 1 min at 1:1000 PBS solution in 100 479 

µL per well, thoroughly washed and trypsinized. 120 µL FACS buffer was added to each well, 480 

cells were thoroughly resuspended and analyzed with a BD LSRII SORP flow cytometer 481 

equipped with a HTS high throughput sampler. 482 

Statistical analysis 483 

Appropriate statistical analysis was carried out using GraphPad Prism software, based on the 484 

data and plot type as stated in figure legends. Where multiple conditions were compared to 485 

a control condition (Fig. 1, 2, 6 & S3A), analysis of variance (ANOVA) of group means was 486 

used as non-parametric (non-Gaussian distribution) test (Kruskal-Wallis) with multiple 487 

comparisons, against mean rank of the common control group (Dunn’s test), or in grouped 488 

data (Fig. 7), against the control in that group (Dunnett’s test).  Where multiple conditions 489 

were tested against each other (Fig. S4B), ordinary one-way ANOVA with Holm-Sidak’s 490 

multiple comparisons was sued. Where a single condition was compared to a single control 491 

(Fig. 3C), unpaired non-parametric t-test (Mann Whitney) was used. Where a single 492 

condition was compared to a control within grouped data, two-way ANOVA with multiple 493 

comparisons of means (Sidak’s test) (Fig. 4C) or Tukey's test were used (Fig. 5C). All 494 

conditions within the same group were compared using Bonferroni’s multiple comparisons 495 

test (Fig. S4C). 496 
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Figure Legends 682 

Figure 1: mo-DCs suppress spread of late dual reporter HCMVdLr in coculture with infected 683 

human MRC-5 fibroblasts.  684 

Human mo-DCs were cocultured at indicated E:T ratios with MRC-5 cells infected with 685 

HCMVdLr infected with 375 PFU of HCMVIEr (MOI 0.0125). Mo-DC were added immediately 686 

upon removal of the virus. Number of GFP/mCherry expressing cells at 5-6 days post 687 

infection in co-culture with (A) conventionally generated, or (B) rapidly generated mo-DCs 688 

are shown. Dot plots depict combined data from at least three independent experiments 689 

with mo-DCs generated from 6 (A), or 17 (B) PBMC donors. Horizontal lines denote group 690 

means, and error bars the standard deviation. (C) Co-cultures of infected MRC-5 and mo-DC 691 

at indicated E:T ratios in 6-well replicates were infected with 1050 PFU of HCMVIEr (MOI 692 

0.035). Virus titer in SN at dpi 6 was established by plaque assay. Symbols indicate individual 693 

replicates, bars are mean values. Each group was statistically analyzed by non-parametric 694 

two-way ANOVA (Kruskal–Wallis) with Dunn's multiple comparisons test against the control 695 

(w/o mo-DC) group, * = p <0.05, *** = p<0.001 and **** = p<0.0001. (D) GFP/mCherry 696 

expressing cells were quantified in MRC-5  infected with 45 PFU (MOI 0.0015) of HCMVdLr in 697 

the presence of mo-DCs at 6, 9, 12 and 15 dpi (blue squares) and compared to controls 698 

infected in absence of mo-DC (black circles), or those where mo-DCs were removed at dpi 6. 699 

Plotted are combined data from 2 independent experiments, mean with SD. (E) Cells were 700 

infected as in (D), but only 6 PFU per well (MOI 0.0002) were added to MRC-5 in 12-well 701 

replicates. Well was reported as positive if ≥ 1 fluorescent cell was observed. Plot depicts 702 

combined data from four independent experiments.  703 

Figure 2: mo-DCs suppress spread of immediate early reporter HCMVIEr in coculture with 704 

infected human fibroblasts.  705 
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Mo-DCs were cocultured at increasing E:T ratios with HCMVIEr infected MRC-5 at (A) 150 706 

PFU/well (MOI 0.005).  mNeonGreen expressing infection foci were manually quantified in 707 

each well at 2-3 dpi. Dot plot depicts combined data from four independent experiments 708 

with mo-DCs generated from five donors, depicted are means with standard deviation. 709 

Kruskal–Wallis one-way ANOVA with Dunn's multiple comparisons test for each data set 710 

against the control data set (without mo-DCs) was used, *** = p<0.001, **** = p<0.0001. (B) 711 

Representative images from cocultures infected with MOI 0.035 (1050 PFU/well) at 8 and (C) 712 

23 dpi. (D) As in Figure 1E, 6 PFU/well (MOI 0.0002) of HCMVIEr was added to MRC-5 in 12-713 

well replicates. Well was reported as positive if ≥ 1 fluorescent cell was observed. Plot 714 

depicts combined data from five independent experiments (n=2 for day 21).  715 

Figure 3: The antiviral factors from mo-DCs delay the onset and repress the HCMV IE gene 716 

expression in fibroblasts 717 

MRC-5 fibroblasts were infected with HCMVIEr at MOI of 0.035 using centrifugal 718 

enhancement, medium (blue line), or the antiviral supernatant (from coculture of infected 719 

MRC-5 and mo-DCs, referred to as SN°) (red line), was immediately added to them and 720 

infection was followed by epifluorescence time lapse imaging in 24 fields per condition at 721 

the rate of one frame per 20 min. (A) Solid lines show 3-point smoothing of average signal 722 

ratio (signal from infected cells to background signal of the field) from 24-fields, with SD of 723 

average up to 35 hours post infection (pi). Representative plot from one out of three 724 

independent experiments. (B) Signal ratio in untreated cells deviated from baseline signal 725 

ratio (dashed line) at around 3 hpi (blue arrow) while this was at >5 hours for SN° treated 726 

cells (red arrow).  (C) Scatter dot plots shows distribution of signal onset in each field of 727 

untreated (blue) and SN° treated (red) condition. Unpaired non-parametric t-test (Mann 728 

Whitney test) was used, **** = p < 0.0001. (D) Representative time series image montages 729 
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from (A) up to 174 house pi. ie1/2 associated mNeonGreen signal in GFP channel is depicted 730 

in false colors (Fire Blue Green Look Up Table, LUT) for better visibility.  Scale bars are 100 731 

µm. 732 

Figure 4: Blocking interferon α/β receptor increases IFN-β availability in coculture media, 733 

yet does not negatively affect the antiviral function of mo-DCs 734 

(A) IFN-β concentration was measured by ELISA in coculture SNs from MRC-5 infected with 735 

1050 PFUs of HCMVIEr (MOI 0.035) and cocultured with or without mo-DCs in presence or 736 

absence of 10 µg/mL α-IFNAR2 for 14 days. Bars are representative from one out of two 737 

independent experiments. (B) Infectious virus titers were measured in SNs from (A). 738 

Representative data from one out of three independent experiments show mean with SD. 739 

(C) MRC-5 in 8-well replicates were infected with 150 PFU (MOI 0.005) of HCMVIEr and 740 

cocultured with mo-DCs in presence or absence of 10 µg/mL α-IFNAR2 and number of 741 

infection foci was quantified at 3 dpi. Data from one out of three independent experiments 742 

showing mean with SD. Two-way ANOVA repeated-measures with Sidak’s multiple 743 

comparisons test was used, ns= p≥0.05, ** = p <0.01. (D) Representative images from (C) at 8 744 

dpi.  745 

Figure 5: Pretreatment with the antiviral SN improves control of infection 746 

(A) Antiviral SN° from two donors (H.BS#22 & #23) were added to MRC-5 24 h before 747 

infection and then replaced with medium 21 h later (pre-treatment, white bars). 748 

Synchronized infection of cells with HCMVIEr at MOI 0.035 in medium or SN° (added at 749 

infection, gray bars) was carried out and SN° was added to all conditions after removing the 750 

virus (post-treatment, black bars). (B) Gating strategy for flow cytometric analysis. (C) Bars 751 

show the percentage of infected cells in four replicates and (D) the mean fluorescence 752 
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intensity of the infected cells for each condition. Regular two-way ANOVA with Tukey’s 753 

multiple comparisons between all data sets was used in one representative out of two 754 

independent experiments with *** = p <0.001, **** = p<0.0001. 755 

Figure 6: mo-DC contact with infected MRC-5 cells is required for stimulation of mo-DC 756 

antiviral function and does not involve IFN 757 

(A) Representative images at 5 dpi and (B) quantification at 5-6 dpi of spread of infection 758 

HCMVdLr (MOI 0.0125) in MRC-5 treated with, from left to right, culture medium as control, 759 

SN of E:T 10:1 mo-DC/MRC-5 coculture infected with HCMVdLr (MOI 0.001), or uninfected,  or 760 

SN of 1x106 mo-DCs infected at MOI of 1 collected at 6-8 dpi (experimental design depicted 761 

in Fig. S1B). Combined data from at least three independent experiments with mo-DCs 762 

generated from 6 different PBMC donors, showing mean with SD. (C) Representative images 763 

at 8 dpi and (D) quantification at 3 dpi of the spread of HCMVIEr (MOI 0.005) infection treated 764 

as in (B). (E) Concentration of IFN-α2, -β, -γ, -λ1 and λ2/3 were measured in the SNs using a 765 

multi-analyte flow assay (LEGENDplex), with n ≥ 9 samples for antiviral SN and n ≥ 3 for other 766 

conditions not differences were statistically significant. Kruskal-Wallis ANOVA with Dunn's 767 

multiple comparison test for each column against the control column (culture medium) was 768 

used, ns= p≥0.05, **** = p<0.0001.   769 

Figure 7: mo-DCs coculture and their coculture supernatants suppress HCMV spread in 770 

primary human cells 771 

Primary human cells were infected with 300 PFU (MOI 0.01) and (A) cocultured with mo-DCs, 772 

or (B) SNs were added to them and the spread of infection was quantified at 5 dpi (as in Fig. 773 

6). Combined data from two independent experiments showing mean with SD. Two-way 774 
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ANOVA with Dunnett’s multiple comparison test, ns= p≥0.05, * = p<0.05, *** = p<0.001, 775 

**** = p<0.0001.   776 
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