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 2 

Abstract 34 

 35 

Macrophages are a major source of pro-inflammatory cytokines in COVID-19. How 36 

macrophages sense the causative virus, SARS-CoV-2, to drive cytokine release is, however, 37 

unclear. Here, we show that human macrophages do not directly sense and respond to 38 

infectious SARS-CoV-2 virions because they lack sufficient ACE2 expression to support 39 

virus entry and replication. Over-expression of ACE2 in human macrophages permits SARS-40 

CoV-2 entry and early-stage replication and facilitates macrophage pro-inflammatory and 41 

anti-viral responses. ACE2 over-expression does not, however, permit the release of newly 42 

synthesised virions from SARS-CoV-2-infected macrophages, consistent with abortive 43 

replication. Release of new, infectious SARS-CoV-2 virions from ACE2 over-expressing 44 

macrophages only occurred if anti-viral mediator induction was also blocked, indicating that 45 

macrophages restrict SARS-CoV-2 infection at two stages of the viral life cycle. These 46 

findings resolve the current controversy over macrophage-SARS-CoV-2 interactions and 47 

identify a signalling circuit that directly links macrophage recognition of SARS-CoV-2 to 48 

restriction of viral replication.  49 

 50 

 51 

One sentence summary: 52 

 53 

ACE2 is necessary for SARS-CoV-2 infection and sensing by macrophages but not sufficient 54 

for productive viral replication. 55 

  56 
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 3 

Main Text 57 

 58 

INTRODUCTION 59 

 60 

Effective host defence against infection relies on accurate and timely immune detection. 61 

Accumulating evidence suggests that severe COVID-19, caused by Severe Acute Respiratory 62 

Syndrome Coronavirus 2 (SARS-CoV-2) infection, results from a failure of early host 63 

interferon signalling to control the virus, followed by exacerbated pro-inflammatory 64 

responses driving tissue damage. Airway epithelial cells, the primary target for SARS-CoV-2 65 

infection (1), respond by releasing both anti-viral and pro-inflammatory cytokines (2, 3). 66 

Airway-resident or newly recruited macrophages also appear to be a key source of pro-67 

inflammatory cytokines in severe COVID-19 (4, 5), with macrophage-derived cytokines 68 

implicated in the severe pathology seen in patients (6–9)  69 

  70 

SARS-CoV-2, belonging to the Coronaviridae family, is an enveloped, single-stranded RNA 71 

virus with a positive-sense genome. Many human respiratory viruses, including SARS-CoV-72 

2, infect epithelial cells lining the upper and lower airways, resulting in productive replication 73 

and the release of newly synthesised infectious viral particles. The virus Spike (S) 74 

glycoprotein facilitates entry into target epithelial cells by binding to surface expressed 75 

angiotensin-converting enzyme 2 (ACE2) receptor (10). The well characterised ACE2-Spike 76 

interaction exposes a critical S cleavage site (S2) that can then be cleaved by the host serine 77 

protease transmembrane protease, serine 2 (TMPRSS2), also expressed on the plasma 78 

membrane. This allows fusion of the viral and cellular membranes, followed by release of 79 

viral RNA directly into the cytoplasm (reviewed by ((11) and (12)). SARS-CoV-2, 80 

particularly the omicron variant, can also attach to ACE2 and enter cells via the endocytic 81 

pathway, where S protein is cleaved by endosomal proteases to allow fusion between the 82 

viral and endosomal membranes (13).  The infecting RNA genome is then translated into two 83 

large polyproteins that can be proteolytically processed to generate individual viral proteins 84 

for replication and transcription. New virions are assembled in the endoplasmic reticulum and 85 

Golgi of the host cell, and are secreted from the cell via exocytosis or through a lysosomal 86 

egress pathway (12). The SARS-CoV-2 replication cycle has primarily been characterised in 87 

epithelial cells and cell lines. How this may differ in other potentially susceptible cell types, 88 

including immune cells, remains unclear.  89 

 90 
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Macrophages are sentinel innate immune cells that are present in the airway during 91 

respiratory viral infection and are critical for effective host defence. In contrast to epithelial 92 

cells, however, human macrophage infection with many respiratory viruses (including 93 

seasonal influenza A viruses (14), and rhinovirus (15)) is abortive, despite macrophages 94 

being susceptible to the early stages of infection (entry and synthesis of new viral RNA and 95 

protein). In addition to acting as a viral ‘dead end’ to limit viral dissemination (16),  96 

macrophages can sense infectious virions, neighbouring cell infection and damage to drive 97 

anti-viral and pro-inflammatory cytokines, which control viral loads in many respiratory 98 

infections (17–19).  The contribution of macrophages to potent and effective innate responses 99 

to control SARS-CoV-2 infection is controversial. While there is consensus that SARS-CoV-100 

2 infection of human monocyte derived macrophages (HMDM) is abortive (3, 8, 9, 20–22), 101 

some studies report that macrophages are susceptible to the early-stages of SARS-CoV-2 102 

infection (i.e. viral entry) and replication, (i.e. viral RNA replication and protein synthesis) 103 

(8, 9, 20), while others report no viral entry into macrophages (3, 22).  Accordingly, whether 104 

macrophage susceptibility to SARS-CoV-2 is required to trigger inflammatory and anti-viral 105 

signalling is unclear, with multiple reports suggesting that macrophage infection triggers pro-106 

inflammatory responses (8, 9, 23) while others report that infection does not activate 107 

macrophage inflammatory functions (3, 22). In this study, we investigated whether 108 

macrophages sense infectious SARS-CoV-2 virions to trigger pro-inflammatory and anti-109 

viral mediator release. In so doing, we resolve the controversy of whether primary human 110 

monocyte-derived and airway-resident macrophages are susceptible and permissive to SARS-111 

CoV-2 infection.   112 

 113 

RESULTS 114 

 115 

Human monocyte-derived macrophages (HMDM) do not release pro-inflammatory 116 

cytokines or anti-viral mediators upon SARS-CoV-2 exposure 117 

 118 

During infection with SARS-CoV-2, monocytes are rapidly recruited from the circulation to 119 

the infected lungs (4), where they differentiate into macrophages that encounter the virus. To 120 

model this, we incubated HMDM with SARS-CoV-2 and monitored macrophage responses 121 

by quantifying cytokine release in cellular supernatants. We challenged HMDM with a high 122 

dose of SARS-CoV-2 (multiplicity of infection; MOI 5) for 24h without removing the virus 123 

to allow maximal macrophage responses. SARS-CoV-2 did not trigger CXCL10, IL-6 or 124 
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TNF release in vitro (Figure 1A), despite reports indicating that these cytokines circulate at 125 

high levels in vivo during SARS-CoV-2 infection (24, 25). By contrast, HMDM showed a 126 

robust secretory response to synthetic viral mimetics such as the toll-like receptor (TLR) 7/8 127 

ligand, R848 (TNF, IL-6) and the melanoma differentiation-associated protein 5 (MDA5) 128 

ligand, transfected poly I:C (pIC) (CXCL10) (Figure 1A). mRNA analyses revealed that 129 

SARS-CoV-2 did not upregulate HMDM expression of Ifnb1, Ifnl1, Cxcl10, Il6, Tnf or Il1b 130 

at 2h or 24h post-infection (p.i.), at either low (0.5) or high (5) MOI, while these genes were 131 

robustly induced by R848 and pIC (Figure 1B). Thus, HMDM do not respond to SARS-132 

CoV-2 exposure in vitro, even at the high MOI of 5.  133 

 134 

HMDM and primary human airway macrophages do not support infection and 135 

replication of SARS-CoV-2 136 

 137 

The failure of primary HMDM to respond to SARS-CoV-2 exposure contrasts with previous 138 

reports that demonstrated SARS-CoV-2 induces the expression of cytokine mRNAs 139 

(including Il6, Cxcl10, and Tnf) in HMDM (8, 9, 23, 26). We therefore investigated whether 140 

the HMDMs generated in this study were susceptible to SARS-CoV-2 infection and 141 

replication. SARS-CoV-2-permissive Calu3 epithelial cells were included as a positive 142 

control for viral infection and replication. The viral inoculum was left on the cells as before 143 

to maximise uptake of SARS-CoV-2 virions by HMDM. Calu3 cells were susceptible to 144 

infection with both high and low dose infection (MOI 5 and 0.5) as we observed an increase 145 

in cell-associated viral RNA between 2h (indicative of input virus) and 24h post-infection, 146 

indicating newly synthesized viral RNA and active replication (Figure 2A). In contrast, cell-147 

associated viral RNA levels did not increase in HMDM infected with either MOI over the 148 

same time (Figure 2B). Further, newly synthesised viral protein was evident in Calu3 control 149 

cells, where viral nucleoprotein (NP) expression increased from 2h to 72h in Calu3 (Figure 150 

2C).  In contrast, HMDM did not support the production of newly synthesised viral NP, 151 

where NP expression was barely detectable at 24h post-infection, compared to detectable NP 152 

associated with input virus at 2h post-infection (Figure 2D). These data indicate that HMDM 153 

are not susceptible to SARS-CoV-2 infection and do not support the early stages of viral 154 

replication, including the production of newly synthesized viral RNA and protein.  155 

 156 

The lung-resident macrophage population are immune sentinels of the airways, with different 157 

origins and properties from those of HMDM (27). Along with airway epithelial cells, airway 158 
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macrophages are primary targets for infection by various respiratory viruses. We next 159 

investigated whether this lung-resident macrophage population differed from HMDM in their 160 

susceptibility to SARS-CoV-2 infection and replication. Airway macrophages, obtained from 161 

bronchoalveolar lavage (BAL) and considered to be representative of resident lung 162 

macrophages, were isolated from three donors and infected with SARS-CoV-2 at an MOI of 163 

1. SARS-CoV-2-infected BAL macrophages showed no increase in cell-associated viral RNA 164 

(indicative of the early stages of virus replication) between 2h and 48h post-infection, in 165 

contrast to the SARS-CoV-2-susceptible control cell line VERO E6 (Figure 2E). An increase 166 

in viral RNA isolated from cell-free VERO E6 supernatants between 2 and 24h post-infection 167 

was indicative of productive viral replication, with release of newly synthesized viral RNA 168 

from infected cells, but this was not observed in supernatants of SARS-CoV-2 infected BAL 169 

macrophages (Figure 2F). These data indicate that as for HMDM, airway macrophages are 170 

not permissive to at least the early stages of SARS-CoV-2 infection and replication.  171 

 172 

Macrophage susceptibility to SARS-CoV-2 requires ACE2 expression  173 

 174 

Macrophages may restrict SARS-CoV-2 replication at different stages in the viral life cycle, 175 

including during entry. As ACE2 is the primary receptor facilitating SARS-CoV-2 176 

attachment to host cells, we next investigated whether ACE2 expression could be a 177 

determining factor in macrophage resistance to SARS-CoV-2 infection. We assessed ACE2 178 

mRNA and protein levels by qPCR and immunoblot, and observed low Ace2 mRNA 179 

expression, and no ACE2 protein expression in HMDM isolated from 4 individual donors 180 

(Figure 3A, B), even when HMDM were treated with IFN (Figure 3B). Similarly, ACE2 181 

protein was not detected in airway macrophages isolated from BAL macrophages of 3 182 

individual donors (Figure 3C). We used lentiviral transduction to overexpress either ACE2 183 

(untagged) or a control protein (mScarlet, mSc) in the THP-1 monocyte cell line and 184 

differentiated these to macrophage-like cells with phorbol-myristate-acetate (PMA). We 185 

confirmed that ACE2 overexpression in THP-1 cells resulted in readily detectable ACE2 186 

mRNA and protein (Figure 3A, 3B). The surface protease TMPRSS2, which is required for S 187 

protein cleavage, was also readily detected at the protein level in HMDM and THP-1-ACE2 188 

cells (Figure 3B).  189 

 190 
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We next explored whether insufficient ACE2 expression is the primary block to SARS-CoV-191 

2 replication in macrophages. We thus challenged THP-1-ACE2 with SARS-CoV-2 (MOI 192 

0.5 and 5) and compared viral replication and release to THP-1-mSc and Calu3 control cells. 193 

There was a significant increase in cell-associated viral RNA in THP-1-ACE2 cells at 24h 194 

p.i. at both MOIs, before plateauing from 24 to 72h p.i., indicating cell susceptibility and 195 

early-stage viral RNA replication (Figure 3D, 3E).  By contrast, viral RNA levels did not 196 

increase in the THP-1-mSc control cells at any timepoint (Figure 3D, 3E), similar to 197 

observations in HMDM and BAL macrophages (Figure 2B, 2E, 2F). As expected, in Calu3 198 

cells which support viral replication and virion release (28), SARS-CoV-2 RNA levels 199 

continued to increase over the time course (Figure 3D, 3E). 200 

 201 

To determine whether the increased cell-associated viral RNA in THP-1-ACE2 cells was 202 

coupled to the release of infectious virions, we performed plaque assays on cell-free 203 

supernatants to measure release of infectious viral particles, represented by plaque forming 204 

units (PFU). Despite increased cell-associated viral RNA, we observed a decrease in 205 

infectious viral particles in THP-1-ACE2 cells at 48 or 72h p.i. compared with input virus 206 

levels at 0h (Figures 3F, 3G). Similarly, we observed a decrease in infectious viral particles 207 

in THP-1-mSC cell-free supernatants (Figure 3F, 3G). In contrast, Calu3 cells were 208 

productively infected at the low MOI (MOI 0.5) over the same time course, indicated by a 209 

significant increase in infectious viral particles present in cell-free supernatants between 0 210 

and 72h p.i. (Figure 3F), though at high MOI (MOI 5) detection of new infectious virions 211 

peaked at 24h (Figure 3G).  This suggests that while some new virions are produced in THP-212 

1-ACE2 cells, a secondary block may serve to limit virus production in these cells. Together, 213 

these data suggest that ACE2 expression is necessary for SARS-CoV-2 entry and new viral 214 

RNA synthesis in macrophages but is not sufficient to support productive viral replication. 215 

Thus, macrophages have two blocks to productive SARS-CoV-2 replication – lack of ACE2 216 

expression, plus an additional mechanism downstream of viral entry and replication that 217 

limits release of infectious virions.  218 

 219 

Macrophages can take up SARS-CoV-2 independently of ACE2 220 

 221 

Additional SARS-CoV-2 entry receptors beyond ACE2 are reported, such as the C-type 222 

lectin receptors (CLRs) (23). As our assays to measure viral protein and RNA were unable to 223 

distinguish whether virus is intracellular or extracellular (Figure 2B,2D), we next determined 224 
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whether SARS-CoV-2 can still bind and enter HMDM, despite lack of ACE2 expression. We 225 

used transmission electron microscopy to determine the sub-cellular location of incoming 226 

virions. To capture these events, we used a high MOI of 20. HMDM (Figure 4A, A’) and 227 

THP-1-ACE2 (Figure 4B) showed internalised, intact virions within the phagosomal system 228 

after 1h infection. In THP-1-ACE2 cells but not HMDM, we also observed virions bound and 229 

potentially starting to fuse at the plasma membrane (Figure 4C, C’), and these were 230 

morphologically similar to the new structures being released from Calu3 at 72h p.i. (Figure 231 

4D). As THP-1-ACE2 cells endogenously express TMPRSS2 (Figure 3B,), this suggests that 232 

THP-1-ACE2 cells may support viral fusion at the plasma membrane to deliver the viral 233 

genome and NP directly into the cytoplasm. Taken together, these results suggest that while 234 

HMDM can take up SARS-CoV-2 into phagosomal compartments, low ACE2 expression 235 

will preclude SARS-CoV-2 S processing and virus-cell membrane fusion, steps that are 236 

necessary for this virus to enter the cytoplasm.   237 

 238 

Ectopic ACE2 expression potentiates macrophage inflammatory responses to SARS-239 

CoV-2 240 

 241 

During infection, cells can sense incoming virions in addition to newly synthesised viral 242 

RNA and proteins (29–31).  Although we detected viral particles in HMDM phagosomal 243 

compartments at 1h p.i. (Figure 4A’), this did not correlate with HMDM activation upon 244 

SARS-CoV-2 challenge (Figure 1A, 1B), suggesting that virions in these compartments were 245 

not detected by the cell. Given that ACE2 overexpression in macrophages permits efficient 246 

SARS-CoV-2 entry and early-stage viral replication, we next assessed whether THP-1-ACE2 247 

cells produce pro-inflammatory and anti-viral mediators upon SARS-CoV-2 challenge. THP-248 

1-ACE2 cells strongly upregulated Ifnb1, Ifnl1, Cxcl10 and IL-6 mRNA expression after 249 

infection with SARS-CoV-2 for 24h (at MOI 5, Figure 5A; or MOI 0.5, Supp. Figure 5A), 250 

correlating with increased SARS-CoV-2 viral RNA levels (Figure 3E). THP-1-mSc cells did 251 

not respond to SARS-CoV-2 challenge at either MOI (Figure 5A, Supp Figure 5A), similar 252 

to HMDM (Figure 1A, 1B). We confirmed that viral sensing pathways were operational in 253 

both THP-1-ACE2 and THP-1-mSC, by stimulating MDA5 via pIC transfection (Supp 254 

Figure 5B). In Calu3 cells, both anti-viral (Ifnb1, IfnL1, Cxcl10) and pro-inflammatory (Tnf, 255 

IL6) gene induction peaked at 72h p.i. (at MOI 5, Figure 5B; MOI 0.5, Supp Figure 5C), 256 

consistent with published observations (3), and the rise in SARS-CoV-2 viral RNA 257 

expression (Figure 3E,F) and productive virus release (Figure 3G,H). Collectively, these 258 
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data suggest that ACE2 overexpression, which permits early-stage viral replication, is 259 

necessary for macrophage to sense infectious SARS-CoV-2 virions.  260 

 261 

Blocking cytokine signalling in THP-1-ACE2 cells rescues productive virion release 262 

 263 

Collectively, our findings suggest that human macrophages are not susceptible to infection 264 

with SARS-CoV-2 due to insufficient ACE2 receptor expression. Furthermore, while ACE2 265 

overexpression can restore the permissivity of macrophages to the early stages of SARS-266 

CoV-2 infection and replication, this does not result in productive viral infection, as 267 

infectious virions detected in the supernatant did not increase above the level of input virus 268 

(0h). It is possible that macrophage ACE2 expression is upregulated by stimuli present at 269 

sites of in vivo infection; if so, mechanisms by which ACE2-expressing macrophages restrict 270 

virus production may contribute to viral control in vivo. We thus explored potential 271 

mechanisms by which THP-1-ACE2 cells limit viral replication and release of new virions. 272 

Host cell death is proposed to limit release of SARS-CoV-2 infectious virions (32), and 273 

indeed, virus-challenged THP-1-ACE2 cells showed a modest but significant decrease 274 

(~20%) in viability compared to THP-1-mSc cells at 72 h p.i. at high MOI (MOI5, Figure 275 

6A). Thus, cell death may limit virus release from THP-1-ACE2 when these cells encounter 276 

high viral loads.  277 

 278 

We noted that the rapid and robust induction of Type I and III interferons, peaking at 24h p.i. 279 

in the THP-1-ACE2 cells, was delayed in the Calu3 cells (Figure 5A, 5B). Interferons can 280 

signal in both an autocrine and paracrine manner to activate an anti-viral state through the 281 

induction of interferon-stimulated genes, which act as restriction factors to limit viral 282 

infection (33). Indeed, Type I IFN is critical for abortive influenza A virus infection in 283 

murine macrophages (16). We hypothesised that interferon signalling in THP-1-ACE2 cells 284 

induces host factors that impede viral replication, precluding the release of productive 285 

virions. In contrast, the later induction of Ifnb1 and Ifnl1 in Calu3 cells, potentially through 286 

viral antagonism, likely allows for continuing viral replication and release. We tested this 287 

hypothesis using a TBK1 inhibitor (BX-795) to block virus-induced interferon induction and 288 

signalling (34) (Figure 6B). As expected, BX- suppressed pIC-induced expression of Ifnb1 289 

and Ifnl1 and the interferon-stimulated gene Cxcl10 (Supp Figure 6A). We next challenged 290 

THP-1-ACE2 and Calu3 cells with SARS-CoV-2 for 72 h, in the presence and absence of 291 

BX-795. BX-795 suppressed SARS-CoV-2-induced CXCL10 production from THP-1-ACE2 292 
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cells (Figure 6C) and restored productive virion release (Figure 6D). BX-795 did not affect 293 

productive virion release from Calu3 cells (Figure 6E), consistent with published 294 

observations (3). These findings indicate that, should macrophages upregulate ACE2 at sites 295 

of in vivo infection to permit SARS-CoV-2 entry, their capacity to rapidly induce interferon 296 

signalling suppresses viral replication to prevent viral dissemination. In sum, human 297 

macrophages protect themselves from productive SARS-CoV-2 infection through dual 298 

mechanisms: (1) low ACE2 expression, which prevents viral entry; and (2) rapid interferon-299 

mediated anti-viral defence upon cell compromise.  300 

 301 

DISCUSSION 302 

 303 

A key question in SARS-CoV-2 pathogenesis is which host cells sense SARS-CoV-2 to 304 

trigger inflammatory cytokines and anti-viral mediator release. Given that macrophages are 305 

primary candidates for sensing and responding to SARS-CoV-2 (7), a second, unresolved 306 

question is whether SARS-CoV-2 can infect and productively replicate in human 307 

macrophages.  This study elucidates the requirements for macrophages to sense and respond 308 

to SARS-CoV-2.  309 

 310 

We demonstrate that primary HMDM do not respond to SARS-CoV-2 challenge, despite 311 

taking up virus through phagocytosis. We found that both BAL macrophages and HMDM do 312 

not express ACE2 protein, rendering them resistant to early-stage SARS-CoV-2 replication. 313 

In turn, ectopic expression of ACE2 rendered macrophages susceptible to SARS-CoV-2 entry 314 

and replication and able to mount ensuing robust pro-inflammatory and anti-viral responses. 315 

Intriguingly, ectopic ACE2 expression was not sufficient for macrophages to efficiently 316 

release new virions, and thereby increase viral titres. In this context, productive virion release 317 

can be rescued by disabling macrophage interferon production and signalling. Thus, 318 

macrophages have two key mechanisms that block productive SARS-CoV-2 infection: (1) 319 

lack of ACE2 prevents productive viral entry, and (2) in the presence of ACE2, viral sensing 320 

triggers rapid induction of potent anti-viral mediators to suppress the release of new virions.  321 

 322 

Typically, a virus must directly infect and replicate in a cell to trigger the cytosolic pattern 323 

recognition receptors (PRRs), triggering so-called ‘cell intrinsic’ sensing, concomitant with a 324 

high level of threat to that cell. These cytosolic PRRs are ubiquitously expressed, and their 325 

activation leads to potent anti-viral mediator production (e.g. interferons-alpha, -beta, -326 
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lambda), inflammatory cytokine signalling or cell death (35), all of which function to limit 327 

viral replication and warn neighbouring cells of imminent danger. In addition to these 328 

cytosolic PRRs, macrophages are also equipped with PRRs at distinct subcellular locations 329 

(e.g. cell surface, endosomes) to detect moderate threats, including signs of infection in 330 

neighbouring cells, viral pathogen-associated molecular patterns (PAMPs) or host danger-331 

associated molecular patterns (DAMPs) in the extracellular milieu (36). This ‘cell extrinsic’ 332 

sensing reflects the local microenvironment, and through triggering cell-surface or endosomal 333 

PRRs, can induce a distinct suite of anti-viral and pro-inflammatory responses to ‘cell 334 

intrinsic’ sensing (35).  335 

 336 

Our data indicate that primary HMDM do not directly respond to SARS-CoV-2 exposure 337 

with cytokine production (Figure 1A, 1B), as might be anticipated in settings of macrophage 338 

sensing of ‘cell intrinsic’ infection. Our results agree with published observations that SARS-339 

CoV-2 does not trigger cytokine production from HMDM (22), and that SARS-CoV-2 also 340 

fails to trigger the interferon system in human alveolar macrophages (21). Findings from us 341 

and others (21, 22) are, however, at odds with other reports that SARS-CoV-2 selectively 342 

induces a pro-inflammatory response (e.g., TNF, IL-6, CXCL10) from HMDM (8, 9, 20). It 343 

is possible that differences in the preparation or quantification of viral stocks may underpin 344 

these divergent observations. SARS-CoV-2 is usually cultured in cell lines (e.g., VERO E6 345 

cells; Calu3 cells: (8)) that inherently respond to infection by producing cytokines or 346 

undergoing cell death. Indeed, virus is often harvested at a time point when a visible 347 

cytopathic effect emerges, meaning that individual viral preparations quantified for intact 348 

virions by TCID50 or plaque assays may additionally contain free viral RNA, viral proteins, 349 

non-infectious virions, and parental cell line-derived DAMPs and cytokines (37). It is thus 350 

conceivable that published macrophage responses to viral preparations may represent an 351 

indirect response to epithelial infection or viral PAMPs. As such, selective macrophage pro-352 

inflammatory responses that have been mapped to  myeloid-expressed CLRs detecting 353 

glycosylated SARS-CoV-2 S (23), or cell surface TLR2 detecting viral envelope (E) protein 354 

(26) may reflect sensing of free viral proteins, rather than intact, infectious virions. 355 

Nevertheless, our viral stocks did not trigger cytokine release from human primary 356 

macrophages or THP-1 cells, unless ACE2 was ectopically expressed to allow SARS-CoV-2 357 

entry and early-stage replication (Figure 1A, 1B, Figure 5A). This suggests that human 358 

macrophages do not sense infectious SARS-CoV-2 virions unless they are instructed to 359 

upregulate ACE2 expression. We anticipate that this observation will hold true for ACE2-360 
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dependent SARS-CoV-2 variants, including Omicron (B.1.1.529 and BA lineages), and 361 

indeed any beta-coronaviruses that utilize ACE2. Consistent with this, SARS-CoV, which 362 

also requires ACE2 for entry, does not trigger macrophage cytokine responses (38). 363 

 364 

We also observe that SARS-CoV-2 does not replicate in human macrophages and does not 365 

trigger productive virion release. This is in line with multiple reports of abortive SARS-CoV-366 

2 infection of macrophages in vitro (8, 9, 20, 21). While these studies observe that 367 

macrophage infection results in decreasing viral RNA levels (8, 9, 20), lack of new infectious 368 

virus (8, 20), and decreasing viral protein (21), they nevertheless report virus entry into 369 

macrophages via quantification of SARS-CoV-2 nucleoprotein-positive cells. This is in 370 

contrast to studies reporting no infection of macrophages (3, 22). We find that SARS-CoV-2 371 

virions can enter macrophages, based on virion detection in phagosomes (Figure 4A’). 372 

Despite this entry into intracellular compartments, we propose that virus does not enter the 373 

macrophage cytoplasm, likely because ACE2 is required for conformational changes to the 374 

virus Spike protein that are necessary for viral membrane fusion. This may explain why viral 375 

RNA is detected within both airway-resident and recruited during single-cell RNA 376 

sequencing of BAL fluid from patients with severe COVID-19, despite low ACE2 expression 377 

in these cells (4, 23, 39).  378 

 379 

Cellular ACE2 expression is dynamically regulated by factors such as interferons, and 380 

environmental cues within tissues, such as hypoxia (40). While we (this study) and others 381 

(23) find that resting primary human macrophages do not express ACE2 (Figure 3A, 3B, 382 

3C), it is conceivable that in vitro culture or in vivo tissue conditions might induce 383 

macrophage ACE2 expression, which explain a report of macrophage ACE2 expression (20). 384 

Ectopic ACE2 expression in other cells that do not usually express ACE2, such as endothelial 385 

cells, renders these cells susceptible and permissive to productive SARS-CoV-2 infection 386 

(28). In THP-1 cells, ACE2 overexpression indeed facilitated SARS-CoV-2 entry and early-387 

stage replication, but in response, these cells initiated an interferon program to prevent 388 

productive infection (Figure 3F, 3G, 5A, 6D). This mechanism appeared to block virion 389 

production at a stage beyond genome replication (as measured by viral RNA, Figures 3D-E), 390 

perhaps during virion assembly or release. Thus, even if macrophages do induce ACE2 391 

expression during virus encounter, they are unlikely to act as ‘trojan horses’ to disseminate 392 

SARS-CoV-2 to extra-respiratory tissues. This is consistent with abortive replication of other 393 

respiratory viruses in human macrophages, including seasonal influenza A virus (41) and 394 
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rhinovirus (15).The molecular mechanisms underpinning why macrophages are resistant to 395 

productive respiratory virus infection, remain to be elucidated. 396 

 397 

Macrophages are key sentinels for microbial infection and can usually detect pathogen-398 

derived molecules with exquisite sensitivity. Our data indicates that SARS-CoV-2 evades 399 

detection by human macrophages. It is tempting to speculate that the severe disease caused 400 

by SARS-CoV-2 may partially derive from its capacity to evade macrophage detection and 401 

resultant anti-viral responses. Macrophage-derived interferon is critical for controlling other 402 

respiratory viral infections (e.g. Newcastle Disease Virus, Respiratory Syncytial Virus) (17, 403 

18), and here, cytosolic viral sensors such as retinoic acid-inducible gene-1 (RIG-I) and 404 

MDA5 induce robust interferon responses to rapidly control viral replication. In contrast, 405 

viruses that do not infect macrophages, such as SARS-CoV-2, may be able to persist and 406 

replicate for longer in the absence of a macrophage interferon response, causing ongoing 407 

epithelial and other cell damage, which may perpetuate inflammation and immunopathology.  408 

In the inflamed, SARS-CoV-2-infected lung, we expect that macrophages will sense cell 409 

‘extrinsic’ danger by sampling the extracellular space and phagosomal compartments (42). In 410 

this scenario, macrophage cell surface (e.g., CLRs, TLR2 (23, 26)) or endosomal PRRs  (e.g. 411 

TLR7/8) could sense such cell-extrinsic signals to preferentially activate pro-inflammatory 412 

signalling instead of anti-viral interferons (43), contributing to disease.  413 

 414 

Our study indicates that SARS-CoV-2 is not sensed by human macrophages unless ACE2 415 

expression is induced, and early-stage viral replication can occur. This study gives new 416 

insight into SARS-CoV-2 cell tropism, and the influence therein of macrophage innate 417 

immune pathways. Such studies of innate immune cell-intrinsic and -extrinsic SARS-CoV-2 418 

recognition and response will help reveal novel therapeutic targets for new drugs that dampen 419 

pathogenic pro-inflammatory signalling in virulent viral infections, without impeding host 420 

anti-viral defence.  421 

 422 

MATERIALS AND METHODS 423 

 424 

Reagents and inhibitors 425 

Low molecular weight Poly I:C (Invivogen, tlrl-picw) was transfected into cells with 426 

lipofectamine LTX (Thermofisther, A12621) at 0.5 g pIC per well, while R848 Resiquimod 427 
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(Miltenyi Biotech, 130-109-376) was used at a final concentration of 250 ng/ml. The TBK1 428 

inhibitor BX-795 (Sigma-Aldrich, SML0694) was used at a final concentration of 5 M.  429 

 430 

Cells 431 

Peripheral blood mononuclear cells were isolated from buffy coats by density centrifugation 432 

using Ficoll-Paque Plus (GE Healthcare). CD14+ monocytes were subsequently isolated 433 

using magnetic-activated cell sorting (Miltenyi Biotech), according to the manufacturer’s 434 

instructions. Human macrophages were differentiated from human CD14+ monocytes as 435 

previously described (44) and then used for experiments on day 7 of differentiation. Human 436 

monocyte-derived macrophages (HMDMs) were cultured in media consisting of RPMI 1640 437 

medium (Life Technologies) supplemented with 10% heat-inactivated fetal bovine serum 438 

(FBS), 2mM GlutaMAX (Life Technologies), 50 U/ml penicillin–streptomycin (Life 439 

Technologies) and 150 ng/ml recombinant human macrophage colony-stimulating factor 440 

(CSF-1, endotoxin free, expressed and purified by the University of Queensland Protein 441 

Expression Facility). HMDM were seeded 16 h prior to experiments at 500 000 cells per well 442 

in 12 well plates, or 200 000 cells per well in 24 well plates. Studies using primary human 443 

cells were approved by the University of Queensland Human Medical Research Ethics 444 

Committee. THP-1 cells (TIB-202; ATCC) were maintained in RPMI 1640 medium 445 

supplemented with 10% heat-inactivated foetal bovine serum (FBS), 2 mM GlutaMAX (Life 446 

Technologies) and 50 U/ml penicillin–streptomycin (Life Technologies). For experiments, 447 

THP-1 cells were seeded at 500 000 cells per well of a 12-well plate and differentiated for 48 448 

h with 30 ng/ml phorbol-myristate-acetate (PMA). Calu-3 cells purchased from ATCC 449 

(HTB-55) were maintained in Minimal Essential Media (Invitrogen), containing 10% heat-450 

inactivated foetal bovine serum (Cytiva), 50 U/ml penicillin and streptomycin (Life 451 

Technologies Australia), and were seeded at 300 000 cells per well in a 12-well plate 48 h 452 

prior to experiments.  453 

 454 

Patient bronchoalveolar lavage (BAL) was obtained at the time of diagnostic bronchoscopy 455 

as previously described (45). Briefly, the bronchoscope was wedged into a non-dependent 456 

sub-segmental bronchus (46) of a radiologically normal segment of lung, and 20 ml of 457 

normal saline was instilled, retrieved, and discarded to clear the bronchoscope of bronchial 458 

secretions. A further 80-100 ml was instilled in 20-ml aliquots and retrieved via hand 459 

aspiration of the syringe. Studies using primary human cells were approved by the Royal 460 
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Melbourne Hospital and University of Melbourne Human Research Ethics Committees.  461 

BAL was filtered and cells washed and seeded at 1x106 cells per ml, overnight, in 48 well 462 

tissue culture plates in RPMI 1640 medium supplemented with 10% heat-inactivated foetal 463 

bovine serum (FBS), 2 mM GlutaMAX (Life Technologies) and 50 U/ml penicillin–464 

streptomycin (Life Technologies). Non-adherent cells were removed via media change four 465 

hours post-seeding, resulting in >90% macrophage population, as described previously (47).   466 

 467 

Lentiviral transduction 468 

A lentiviral construct containing human ACE2 (Addgene 155295), or mScarlet (Addgene 469 

85044) was cloned into pLV-CMV-MCS-IRES-Puro-Sin (48) and packaged into lentivirus in 470 

HEK-293T cells by means of third generation lentiviral packaging plasmids (49). Lentivirus-471 

containing supernatant was harvested on day 2 and 3 after transfection. Lentivirus was 472 

concentrated by Lenti-X concentrator (Clontech, 631232). HEK-293T cells were transfected 473 

with the expression vectors according to the manufacturer’s protocol with PEI 2500 474 

(BioScientific) and transduced target THP-1 cells were selected with puromycin (1 g/mL) 475 

after 24 h and used for assays after 72 h. 476 

 477 

Viruses and cell infections 478 

SARS-CoV-2 isolate hCoV-19/Australia/QLD02/2020 was provided by Queensland Health 479 

Forensic & Scientific Services, Queensland Department of Health. Virus was grown on Vero 480 

E6 TMPRSS2 cells for 48 h in DMEM with 2% FBS, and cell debris was cleared by 481 

centrifugation at 500G for 5 minutes at room temperature. Virus was titred as described 482 

previously by plaque assay (28). Sanger sequencing was used to confirm that no mutations 483 

occurred in the spike gene relative to the original clinical isolate. Cells (HMDM, THP-1, 484 

Calu3) in 12 well plates (500 000 cells/well) were challenged for 1 h at 37°C and 5% CO2 485 

with 2.5 x 106 plaque-forming units (PFUs) for MOI 5, or 2.5 x 105 PFUs for MOI 0.5. For 486 

Calu3 cells, virus was added to cells to give a total volume of 500 L of RPMI 1640 with 2% 487 

FBS (HMDM and THP-1) or MEM with 2% FBS (Calu3) per well. The viral inoculum was 488 

then removed, and the medium was replaced with DMEM (Invitrogen) or MEM (Invitrogen) 489 

containing 2% FBS. Alternatively, virus was not removed from the cells. All studies with 490 

SARS-CoV-2 were performed under physical containment 3 (PC3) conditions and were 491 

approved by The University of Queensland Biosafety Committee (IBC/374B/ SCMB/2020, 492 

IBC/518B/IMB/SCMB/2022) and the University of Melbourne Institutional Biosafety 493 
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Committee in consultation with the Doherty Institute High Containment Facility 494 

Management Group.  495 

 496 

For studies involving SARS-CoV-2 infection of BAL macrophages, the SARS-CoV-2 isolate 497 

hCoV-19/Australia/VIC01/2020 (kindly provided by the Victorian Infectious Diseases 498 

Reference Laboratory) was grown in Vero cells for 72 h in serum-free MEM with 1 g/ml 499 

TPCK trypsin. The median tissue culture infectious dose (TCID50) was calculated using the 500 

Reed-Muench method.  BAL macrophages (approx. 2.5 x 105 cells) were seeded overnight in 501 

48 well plates.  Macrophages were infected with SARS-CoV-2 (MOI 1) in serum free media 502 

(RPMI supplemented as described above) for 1 hr. Inoculum was removed and cells were 503 

washed, before media was replaced 400 L serum free media for a further 2 to 48 hrs. VERO 504 

control cells were infected at an MOI of 0.5 and maintenance media included 1g/ml of 505 

TPCK trypsin.  RNA from cell free supernatant was collected and extracted using QIAamp 506 

Viral RNA Mini Kit (Qiagen) while RNA from cell monolayers was extracted via the Rneasy 507 

Plus Mini Kit (Qiagen). 508 

 509 

Cell Death 510 

THP-1 were seeded at 50 000 cells per well of a black walled clear bottomed 96 well plate 511 

(CLS3916, Corning). After 48h of differentiation with PMA, cells were inoculated with virus 512 

at MOI 5, incubated for 1h, before media was replaced with 100 l of fresh RPMI with 2% 513 

FCS. After 72h, ~60 l of media was removed per well, leaving 30 l and 30 l of ATPlite 514 

substrate solution (Perkin Elmer) was added per well. After 10 minutes incubation at room 515 

temperature, plates were sealed with Optical Adhesive Film (Thermofisher) and 516 

luminescence was read on a Victor Nivo Plate Reader (Perkin Elmer). 517 

 518 

RNA extraction and qPCR analysis 519 

Cells were lysed in Buffer RLT plus -mercaptoethanol, and RNA was directly processed 520 

using the Rneasy Mini Kit (Qiagen), with on-column Dnase digestion according to 521 

manufacturer’s instructions. RNA concentration was measured using a NanoDrop 522 

spectrophotometer and an equal starting concentration of RNA for each sample was used for 523 

reverse transcription. Reverse transcription was performed using Superscript III Reverse 524 

Transcriptase (ThermoFisher) with random hexamer priming. Quantitative PCR was 525 

performed using SYBR green reagent (Applied Biosystems) on a QuantStudio 7 Flex Real- 526 
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Time PCR System (ThermoFisher) in 384 well plates (Applied Biosystems) and relative gene 527 

expression was determined using the change-in-threshold (2-CT) method, using 528 

Hypoxanthine Phosphoribosyltransferase 1 (Hprt) as an endogenous control. Alternatively, 529 

gene expression was determined relative to a standard curve generated from plasmids 530 

containing SARS-CoV-2 Main Protease (Mpro). Primers are as follows: Hprt F: 531 

TCAGGCAGTATAATCCAAAGATGGT R: AGTCTGGCTTATATCCAACACTTCG; 532 

Ace2 F: TCACGATTGTTGGGACTCTGC, R: TCGCTTCATCTCCCACCACT; Il6 F: 533 

CTCAGCCCTGAGAAAGGAGACAT, R: TCAGCCATCTTTGGAAGGTTCA; Tnf F: 534 

TGCCTGCTGCACTTTGGAGTGA, R: AGATGATCTGACTGCCTGGGCCAG; Il1b F: 535 

GAAGCTGATGGCCCTAAACA, R: AAGCCCTTGCTGTAGTGGTG, Ifnb1 F: 536 

CAGTCCTGGAAGAAAAACTGGAGA, R: TTGGCCTTCAGGTAATGCAGAA; Cxcl10 537 

F: TGAAAGCAGTTAGCAAGGAAAGGT, R: AGCCTCTGTGTGGTCCATCC; Ifnl1 F: 538 

CGCCTTGGAAGAGTCACTCA, R: GAAGCCTCAGGTCCCAATTC; SARS-CoV-2 Mpro 539 

F: GAGACAGGTGGTTTCTCAATCG, R: ACGGCAATTCCAGTTTGAGC; SARS-CoV-2 540 

E gene F: ACAGGTACGTTAATAGTTAATAGCGT, R: 541 

ATATTGCAGCAGTACGCACACA.  542 

Copy number of SARS-CoV-2 E gene was measured in cellular RNA (equal starting 543 

concentration of RNA) and RNA from cell culture media (equal starting volume). 544 

SensiFAST™ Probe Lo-ROX One-Step Kit with E-specific probe (FAM-545 

ACACTAGCCATCCTTACTGCGCTTCG-QQA) was used to detect E gene and a plasmid-546 

based standard curves was used to quantify the number of E copies. The Mpro sequence was 547 

amplified from cDNA with the Phusion polymerase kit (New England BioLabs) using the 548 

following primers. F: AATAAGGTACCAGTGGTTTTAGAAAAATGG, R: 549 

TTATTGCGGCCGCTCATTGGAAAGTAACACC. The Mpro expression vector was 550 

generated by cloning the Mpro PCR product into a modified pEF6 plasmid, with an HA-tag 551 

N-terminal of the multiple cloning site, by standard restriction digest cloning techniques. The 552 

vector and correct insertion of Mpro were verified by Sanger sequencing.  553 

  554 

Cytokine analysis 555 

Cytokine titres were determined using an AlphaLISA Immunoassay kit (Perkin Elmer) 556 

according to the manufacturer’s instructions and analysed on a Victor Nivo Plate Reader 557 

(Perkin Elmer). 558 

 559 
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Electron Microscopy  560 

Electron Microscopy samples were processed using a method adapted from a previous study 561 

(50). Briefly cells were fixed in 2.5% glutaraldehyde (Electron Microscopy Services) in PBS 562 

for 24 h, then post fixed in 1% osmium (ProSciTech) for 1 h and contrasted with 1% aqueous 563 

uranyl acetate (Electron Microscopy Services) for 1 h. Samples were then serially dehydrated 564 

in increasing percentages of ethanol before serial infiltration with LX-112 resin (Ladd 565 

Research) in a Biowave microwave (Pelco). Ultrathin sections were attained on a 566 

ultramicrotome (UC6:Leica), and further contrasted using Reynold lead post-stain. 567 

Micrographs were acquired using a JEOL 1011 transmission microscope at 80 kV with a 568 

Morada CCD camera (Olympus) utilising iTEM software. 569 

 570 

Immunoblotting 571 

For total cell lysates, cells were washed once with PBS and lysed with RIPA buffer (50 mM 572 

Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate, 573 

protease inhibitor, pH 8.0). A Pierce BCA protein assay kit (Thermo Scientific) was used to 574 

equalise protein amounts. SDS sample buffer containing 100 mM DTT (Astral Scientific) 575 

was added, and samples were boiled at 95°C for 10 min to denature proteins. Proteins were 576 

separated on 4-15% mini protean TGX precast gels (Bio-Rad) in running buffer (200 mM 577 

Glycine, 25 mM Tris, 0.1% SDS (pH8.6)), transferred to PVDF or nitrocellulose membrane 578 

(Bio-Rad 1620112) in blot buffer (48 nM Tris, 39 nM Glycine, 0.04% SDS, 20% MeOH) and 579 

subsequently blocked with 5% (w/v) milk powder or BSA in Tris-buffered saline with 580 

Tween-20 (TBST) for 30 min. Primary antibodies were incubated overnight at 4 deg C, 581 

followed by secondary antibodies linked to horseradish peroxidase (HRP) (Cell Signalling) or 582 

AlexaFluor647 (Invitrogen), and after each step, immunoblots were washed 3x with TBST. 583 

HRP signals were visualised by enhanced chemiluminescence (ECL) (Bio-Rad) and imaged 584 

with a Vilber Fusion Imaging system (Vilber). Fluorescence signal was detected using the 585 

AI600 imager (Amersham). The following antibodies were used: SARS-CoV-2 586 

Nucleoprotein (Sino Biological), Tubulin (9F3; Cell Signalling Technology), ACE2 (AF933; 587 

RnD Systems), TMPRSS2 (Abcam) and Actin (8H10D10; Cell Signalling Technology), 588 

ACE2 (MA532307, Invitrogen), Calnexin (ab22595, Abcam).  589 

 590 

Statistical Analysis: 591 

Statistics were calculated using GraphPad Prism using tests indicated in figure legends.  592 

 593 
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Supplementary Materials 594 

 595 

Figure S1: Macrophage ACE2 expression potentiates macrophage inflammatory responses to 596 

SARS-CoV-2 at MOI 0.5 (Relates to Figure 5). 597 

Figure S2: BX-795 blocks anti-viral cytokine induction in THP1-ACE2 cells (Relates to 598 

Figure 6).  599 

 600 
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FIGURE LEGENDS 872 

 873 

Figure 1: SARS-CoV-2 does not trigger inflammatory responses from primary human 874 

macrophages.  875 

A: HMDM were infected with SARS-CoV-2 (MOI 5) or stimulated with R848 or 876 

transfected pIC for 24h. Cytokines in cell supernatants were analysed by alphaLISA. 877 

Each data point represents an individual donor (n = 6-15). Graphs show mean + SEM 878 

and significance is indicated by asterisks (one-way ANOVA, Dunnett’s multiple 879 

comparison test). B: HMDM were challenged with SARS-CoV-2 (MOI 0.5, 5), or 880 

transfected pIC. Gene expression at 2 and 24h was analysed by qPCR.  Graphs shown 881 

mean + SEM, where each data point represents an individual donor (n = 3) and 882 

significance is indicated by asterisks: p  0.05 (*), p  0.001 (**), p  0.0001 (***) 883 

(two-way ANOVA, Dunnett’s multiple comparison test). 884 

 885 

Figure 2: Primary human monocyte-derived or airway macrophages isolated from 886 

bronchoalveolar lavage (BAL) do not support SARS-CoV-2 replication. 887 

A-B: Calu3 cells (A) or HMDM (B) were infected as indicated and virus was left on 888 

the cells. Viral RNA isolated from cells was measured by qPCR. Graphs show mean 889 

+ SEM and each individual point represents an independent experiment (Calu3; n =3) 890 

or independent donors (HMDM; n = 7). Significance is indicated by asterisks: p  891 

0.05 (*), p  0.001 (**), p  0.0001 (***) (two-way ANOVA, Tukey’s multiple 892 

comparison test). C-D: Immunoblots of Calu3 cells (C) or HMDM (D) that were 893 

infected as indicated, with virus remaining on the cells. Blot is representative of three 894 

independent experiments (Calu3) or three independent donors (HMDM). E-F: BAL 895 

macrophages (MOI 1) or Vero cells (MOI 0.5) were infected with SARS-CoV-2 for 1 896 

h, before virus was removed and cell-associated viral RNA (E) or viral RNA released 897 

in cell-free supernatants (F) was analysed by qPCR of SARS-CoV-2 E gene at 2 and 898 

48 h post-infection. Data are mean + SEM, with each individual point representing an 899 

individual donor (BAL macrophages; n=5) or independent experiments (VERO; n=2). 900 

Significance is indicated by asterisks: p  0.05 (*), p  0.001 (**), p  0.0001 (***) 901 

(one-way ANOVA, Tukey’s multiple comparison test).   902 

 903 

Figure 3:  Macrophage susceptibility to SARS-CoV-2 requires ACE-2 expression.  904 
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A: HMDM and THP-1 cells were analysed by qPCR for ACE2 mRNA expression, 905 

with each data point showing an independent donor or experiment (n=3). B: HMDM 906 

were stimulated with IFN (10 ng/ml) for 6 h and protein extracts were analysed by 907 

immunoblot, alongside extracts from THP-1 cells (WT, THP-1-ACE2, THP-1-mSc).  908 

C: BAL macrophages from 3 donors were adhered overnight and lysed. Expression of 909 

ACE2 in BAL macrophages was analysed by immunoblot, relative to a loading 910 

control (Calnexin). Lysate from A549-cells overexpressing ACE2 were used as a 911 

positive control. D-E: Cells were infected with SARS-CoV-2 at MOI 0.5 or MOI 5. 912 

After 1h the virus inoculum was removed, cells were washed and cells or supernatants 913 

harvested at the indicated times. Cellular viral mRNA was analysed by qPCR (D-E), 914 

and infectious virions released into cell supernatants were measured by plaque assay 915 

(F-G). Data show the mean + SEM of 3-5 independent experiments, with data points 916 

representing individual experiments. Significance is indicated by asterisks: p  0.05 917 

(*), p  0.001 (**), p  0.0001 (***) (two-way ANOVA, Tukey’s multiple 918 

comparison test).  919 

 920 

Figure 4: Macrophages can take up SARS-CoV-2 independently of ACE2 921 

A-D: Transmission Electron Microscopy of indicated cells infected with SARS-CoV-922 

2 (MOI 20) at indicated timepoints. For low magnification images (A,C) scale bar = 923 

10 m, for all other images (A’, B, C’, D) scale bar =  500 nm.  924 

 925 

Figure 5: Macrophage ACE2 expression potentiates macrophage inflammatory 926 

responses to SARS-CoV-2 927 

A-B: THP-1-ACE-2 and THP-1-mSc cells (A) or Calu3 cells (B) were infected with 928 

SARS-CoV-2 at MOI 5. After 1 h incubation, the virus was removed, and the media 929 

replaced. Cells were harvested at the indicated times and gene expression was 930 

quantified by qPCR. Gene expression at each time point is presented relative to the 931 

mock control to show fold gene induction. Data are mean + SEM of 4 independent 932 

experiments (indicated by individual data points) and significance is indicated by 933 

asterisks: p  0.05 (*), p  0.001 (**), p  0.0001 (***) (two-way ANOVA, Tukey’s 934 

multiple comparison test).  935 

 936 
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Figure 6: Blocking cytokine signalling in ACE2-macrophages rescues productive virion 937 

release 938 

A: THP-1 cells were infected with SARS-CoV-2 (MOI 5), which was washed away 939 

after 1 h, and incubated for a further 72h, after which cell death was analysed by 940 

ATPlite assay. Data are presented as cell viability relative to mock, and are mean + 941 

SEM of 3 independent experiments. Significance is indicated by asterisks: p  0.05 942 

(*), p  0.001 (**), p  0.0001 (***) (two-way ANOVA, Tukey’s multiple 943 

comparison test). B: Schematic of TBK1 (BX-795) inhibition. C-F: THP-1-ACE2 or 944 

Calu3 cells were stimulated with SARS-CoV-2 at MOI 5. After 1 h, the viral 945 

inoculum was removed and BX-795 added. Supernatants were harvested at 72 h and 946 

CXCL10 was analysed by ELISA (C) and viral titres were analysed by plaque assay 947 

(D,E). Data show mean + SEM of at least 3 independent experiments, with each 948 

individual data point representing a different experiment. Significance is indicated by 949 

asterisks: p  0.05 (*), p  0.001 (**), p  0.0001 (***) (C: one-way ANOVA, 950 

Tukey’s multiple comparison test; D,E: ratio-paired t-test). 951 

 952 
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