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ABSTRACT 34 

The HIV-1 envelope glycoprotein (Env) is incorporated into particles during assembly on 35 

the plasma membrane (PM). Env initially reaches the PM through the secretory 36 

pathway, after which it is rapidly endocytosed via an AP-2- and clathrin-dependent 37 

mechanism. Here we show that endocytosed cell surface Env enters the tubular 38 

recycling endosome compartment (TRE). Trafficking to the TRE was dependent upon 39 

motifs within the CT previously implicated in Env recycling and particle incorporation. 40 

Depletion of TRE components MICAL-L1 or EHD1 led to defects in Env incorporation, 41 

particle infectivity, and viral replication. Remarkably, defects were limited to cell types 42 

defined as nonpermissive for incorporation of CT-deleted Env, including monocyte-43 

derived macrophages, and not observed in 293T, HeLa, or MT-4 cells. This work 44 

identifies the TRE as an essential component of Env trafficking and particle 45 

incorporation, and provides evidence that the cell type-dependent incorporation of Env 46 

is defined by interactions with components of the TRE.  47 
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INTRODUCTION 48 

Incorporation of the HIV-1 envelope glycoprotein (Env) into budding HIV virions is 49 

essential for the production of infectious viral progeny. The HIV-1 Gag protein is 50 

synthesized on cytosolic ribosomes, and travels to the particle assembly site on the PM 51 

through a poorly-defined mechanism. Env is synthesized as the gp160 precursor protein 52 

on ER-bound ribosomes, where it trimerizes and undergoes initial steps of 53 

glycosylation.1,2 Env trimers then traffic to the Golgi apparatus, where additional glycan 54 

modifications and cleavage by furin-like proteases take place, leading to the mature 55 

gp120/gp41 heterotrimer that is transported to the PM.3,4 Upon arrival at the PM, Env 56 

trimers are rapidly endocytosed and delivered to internal endosomal compartments in a 57 

clathrin- and AP2-dependent manner.5,6 How endocytosed Env returns to the PM for 58 

incorporation into budding virions during the assembly process remains incompletely 59 

understood.  60 

The Env cytoplasmic tail (CT) plays a key role in directing cellular trafficking and 61 

particle incorporation of Env. The CT contains a myriad of trafficking motifs, including 62 

the membrane proximal YXXΦ clathrin binding motif,6-8 multiple dileucine motifs 63 

involved in binding to clathrin adaptor proteins,9,10 and retromer-interacting sequences 64 

(also called inhibitory sequences, IS1 and IS2).11,12 The N-terminal portion of the 65 

lentiviral lytic peptide 3 (LLP3) region of the CT contains tyrosine- and tryptophan-based 66 

motifs that regulate Env incorporation as indicated by loss of incorporation upon their 67 

deletion or mutagenesis.13-16. Remarkably, however, an intact CT is not required for 68 

particle incorporation when particles are produced in some cell types, including 293T 69 

and MT4 cells, which are termed “permissive” for incorporation of CT-deleted Env.17 70 
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Other cell types, including H9, CEM, and Jurkat T cell lines incorporated Env efficiently 71 

only in the presence of an intact CT, and are termed “nonpermissive” for incorporation 72 

of CT-deleted Env. Env incorporation and replication of HIV-1 in primary T cells and 73 

macrophages requires an intact CT, indicating that the nonpermissive phenotype is 74 

dominant in those cell types that are most relevant for HIV-1 replication. To help explain 75 

the crucial role played by the CT in Env trafficking, we have proposed that cell type 76 

specificity may be defined by differences in host trafficking pathways between 77 

permissive and nonpermissive cell types.18,19   78 

 We previously described a role for the Rab-related adaptor protein Rab11-FIP1C 79 

in regulating Env incorporation into particles.14,19,20 Interventions that disrupted FIP1C or 80 

that led to condensation and compromised function of the endosomal recycling 81 

compartment (ERC) significantly reduced Env incorporation in relevant cell lines such 82 

as the nonpermissive H9 cell line. These results identified FIP1C is a candidate 83 

recycling factor that regulates Env incorporation in a cell type-dependent manner. 84 

However, results with depletion of FIP1C were only partly consistent with this model, 85 

and a knockout strategy in primary CD4+ T cells did not prevent Env incorporation or 86 

viral replication,21 indicating that differences in expression or function of FIP1C alone do 87 

not explain cell type-dependence.21 Despite this, our findings with FIP1C provided an 88 

important connection between host recycling factors and Env incorporation that remains 89 

valid in many cell types, and support a model in which host recycling pathways 90 

determine CT-dependent Env incorporation into particles. Herein we identify the tubular 91 

recycling endosome (TRE) and its constituent factors as essential contributors to CT-92 

dependent incorporation of Env.  93 
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The TRE consists of a network of tubular membranes extending from the ERC 94 

toward the plasma membrane that is implicated in the active segregation and recycling 95 

of host glycoproteins.22-24 The TRE is regulated by specific Rab proteins including 96 

Rab10 and Rab8, and characterized by the scaffold protein MICAL-like protein 1 97 

(MICAL-L1) and F-BAR protein Syndapin2 that recruit additional factors involved in 98 

glycoprotein sorting and recycling, including the ATPase EH domain containing 1 99 

(EHD1) involved in membrane scission.23,25 Here we identify for the first time the 100 

trafficking of HIV-1 Env to the TRE, where it strongly colocalized with TRE constituents 101 

including MICAL-L1, EHD1, and Rab10. Localization to the TRE required an intact CT, 102 

and Env CT mutants previously shown to be defective in particle incorporation failed to 103 

reach the TRE. Most remarkably, we observed that depletion of TRE components 104 

MICAL-L1 or EHD1 resulted in Env incorporation defects in nonpermissive cell types 105 

including primary macrophages, indicating a link between cell type-specific 106 

incorporation of Env and TRE-dependent recycling. These findings are the first to 107 

elucidate a role for the TRE in HIV replication, and provide strong support for the 108 

importance of CT-dependent recycling in Env incorporation in relevant cells including 109 

primary cells.  110 

 111 

RESULTS 112 

HIV-1 Env is rapidly delivered to Tubular Recycling Endosomes enriched in PI(4,5)P2  113 

We previously described a method of tagging the Env ectodomain using a fluorogen-114 

activated peptide (FAP) tag inserted into the V2/V3 loop of gp120, allowing pulse-115 

labeling of Env on the surface of the cell with a cell impermeant dye.26 Utilizing pulse-116 
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labeling of Env and live cell TIRF microscopy, we observed that Env was rapidly 117 

delivered into tubules underlying the plasma membrane (Figure 1A). The tubules were 118 

enriched in phosphatidylinositol (4, 5) bisphosphate (PIP2) as indicated by a GFP-119 

tagged biomarker for PIP2, the pleckstrin homology domain of phospholipase C-δ1 120 

(PLCδ1-PH), (Figure 1A and supplemental movie S1). We were surprised to see Env 121 

enriched on long tubular membranes, as Env stained in fixed cells following usual 122 

fixation practices does not show this pattern. However, we noted that preservation of 123 

tubular membranes requires fixation methods that avoid disruption of these somewhat 124 

fragile structures, which can be achieved by using pre-warmed formaldehyde fixation 125 

combined with very low concentrations of non-ionic detergents for permeabilization.27,28 126 

Utilizing this modification of specimen preparation, we readily observed HIV-1 Env in 127 

tubular structures deeper in the cell, extending from a perinuclear location toward the 128 

periphery of the cell (Figure 1B). Reasoning that PIP2 has been shown to be enriched 129 

on lipid tubules of the TRE,23 we next asked if tubular Env localized with three additional 130 

characteristic markers of the TRE: MICAL-L1, EHD1, and Rab10. Indeed, Env was 131 

found in tubular structures showing significant overlap with markers of the TRE, 132 

including MICAL-L1, EHD1, and Rab10 (Figure 1B). To better define the Env-enriched 133 

tubules, we utilized structured illumination microscopy and measured diameters of 134 

tubules in the X-Y plane (Figure 1C). Measurements were taken from multiple cross-135 

sections of multiple images such as the one shown in Figure 1C, and indicated a mean 136 

width of 177± 45 nm, consistent with the established diameter of the TRE.29 These 137 

findings confirm the presence of Env on an extended tubular network consistent with the 138 

TRE. 139 
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 140 

The Env CT is required for trafficking to the TRE 141 

We next sought to examine the role of the Env CT in TRE localization. To do this, we 142 

employed several measures to evaluate colocalization of Env with an intact CT and 143 

compared them to Env lacking 144 C-terminal residues of the CT (CT144 Env). Full-144 

length Env colocalized with TRE markers MICAL-L1, EHD1, and Rab10 as previously 145 

observed (Figure 2A). A region of interest was chosen in each of these images and is 146 

shown for each channel on the right (Figure 2A). Linear intensity profiles were drawn to 147 

bisect multiple tubules within the region of interest in order to further discern colocalized 148 

signal between Env and the markers of the TRE. In WT Env expressing cells, peaks of 149 

TRE marker fluorescence for MICAL-L1, EHD1, and Rab10 (green intensity plots, 150 

Figure 2B) correlated strongly with increased Env signal (red intensity plots, Figure 2B). 151 

In contrast, CT144 Env was not observed on tubular membranes, and failed to localize 152 

with tubules marked by MICAL-L1, EHD1, or Rab10 (Figure 2C). Linear intensity plots 153 

drawn perpendicular to tubules with TRE markers did not show any corresponding 154 

peaks of CT144 Env intensity (Figure 2D). Colocalization was next quantified for WT 155 

and CT144 Env with each of the three TRE markers using Manders’ colocalization 156 

coefficient (representing pixels positive for both Env and the respective tubule marker 157 

as a fraction of the total pixels of the tubule marker). This measurement verified the 158 

significant difference between WT and CT144 Env in colocalization with TRE markers 159 

(Figure 2E). Taken together, these data indicate that the enrichment of Env on TRE 160 

membranes requires an intact CT. 161 

FIP1C is present on the TRE and colocalizes with EHD1 162 
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FIP1C has previously been implicated as a trafficking adaptor involved in HIV-1 Env 163 

incorporation. We next asked if FIP1C is a component of the TRE. We utilized similar 164 

staining techniques to examine FIP1C distribution and colocalization with TRE markers. 165 

FIP1C has previously been noted to be enriched in the perinuclear ERC in HeLa cells 166 

along with a punctate cytoplasmic component.19,30 FIP1C was present in a markedly 167 

tubular distribution extending from the perinuclear region in a subset of cells examined 168 

following fixation methods preserving tubular endosomes (Figure 3A). Env and FIP1C 169 

colocalized on tubular membranes (Figure 3B). To determine if FIP1C is present on the 170 

TRE, we next examined colocalization with TRE markers. FIP1C appeared to colocalize 171 

strongly with EHD1 in these cells, showing a punctate distribution along the tubules 172 

marked by EHD1 (Figure 3C top, and quantitation, Figure 3D and 3E). Colocalization 173 

was not as prominent with MICAL-L1 (Figure 3C bottom, 3D, 3E). However, in these 174 

experiments FIP1C and MICAL-L1 tubules appeared to be continuous, with FIP1C 175 

somewhat more centrally located and MICAL-L1 more distal along the same tubules 176 

(Figure 3C, bottom). Together, these results indicate that FIP1C is a TRE component 177 

that colocalizes most profoundly with EHD1. 178 

Tryptophan-based motifs in LLP3 regulate trafficking to TRE membranes 179 

The N-terminal portion of the LLP3 region has been shown to play a role in Env 180 

incorporation in studies from several laboratories.14-16 We recently utilized a truncated 181 

FIP1C protein as an intervention to map motifs within the CT required for ERC 182 

localization. This work led to the identification of two tryptophan-based motifs in the N-183 

terminal portion of LLP3 (WE790 and WW796) important for ERC localization, and 184 

disruption of both of these motifs in the proviral context led to significant defects in Env 185 
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incorporation and viral replication.13 In order to determine if these motifs are important 186 

for TRE localization, we expressed two constructs bearing double tryptophan 187 

substitutions (WE790AA/WW796AA or LL784AA/WE790AA/WW796AA,13) in HeLa cells and 188 

examined the distribution of Env together with MICAL-L1. As described previously, WT 189 

Env was strongly colocalized with the TRE (Figure 3F, top panels). In contrast, both Env 190 

mutants failed to colocalize with the TRE (Figure 3F, middle and bottom panels). Using 191 

Manders’ correlation coefficient to measure overlapped pixels as a proportion of total 192 

MICAL-L1 signal, 54% of total MICAL-L1 signal was colocalized with WT Env, while 193 

only 5% and 0.2% overlap was observed for WE790AA/WW796AA or 194 

LL784AA/WE790AA/WW796AA, respectively (Figure 3G). Note that despite identical 195 

fixation techniques, the two mutant Envs were not observed in structures resembling 196 

tubular membranes. These results indicate that CT-dependent trafficking of Env to the 197 

TRE can be mapped to determinants in the N-terminal portion of LLP3. 198 

Disruption of the TRE leads to defects in Env incorporation in relevant (nonpermissive) 199 

cell types 200 

Having established that HIV-1 Env traffics to the TRE in a CT-dependent manner, we 201 

next asked if perturbation of the TRE would inhibit Env incorporation. We chose to focus 202 

on depletion of MICAL-L1, a major scaffold protein and TRE component, and EHD1, an 203 

ATPase required for the scission of TRE membranes that enables vesicular delivery of 204 

cargo to the PM. We then evaluated the effects of TRE disruption on Env incorporation 205 

in multiple cell types, including those permissive for incorporation of CT-deleted Env 206 

(293T, MT-4), semipermissive HeLa cells, and three nonpermissive cell types (H9, 207 

CEM, Jurkat). After first establishing knockdown of MICAL-L1 or EHD1, cells were 208 
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either transfected (293T, HeLa) or infected with VSV-G-pseudotyped NL4-3 virus (MT-4, 209 

H9, CEM, Jurkat). The production of Env was evaluated in cell lysates, and Env 210 

incorporation in released viral particles evaluated by pelleting of virus from 211 

supernatants. Depletion of MICAL-L1 or EHD1 was achieved in all cell lines evaluated 212 

(Figure 4A and 4B, MICAL-L1, and S1A and B, EHD1; compare scrambled vs. shRNA1 213 

and shRNA2 or pooled lanes). No significant differences in Env production as marked 214 

by gp160 in cell lysates were observed (Figure 4A and 4B, cell lanes, MICAL-L1, and 215 

Figure S1A and S1B, EHD1). Incorporation of Env into particles was then assessed by 216 

comparing the amount of viral Env in scrambled vs target shRNA lanes, as represented 217 

by gp41 bands from virus particles (Figure 4A and 4B, S1A and S1B, asterisks). Despite 218 

a profound depletion of MICAL-L1 or EHD1, no reduction in Env incorporation into 219 

particles was seen for 293T, MT-4, or HeLa cells (Figure 4A and S1A, viral gp41 lanes). 220 

Remarkably, however, depletion of MICAL-L1 or EHD1 in the nonpermissive H9 T cell 221 

line caused a marked loss of Env incorporation (Figure 4B and S1B, H9, viral gp41 222 

lanes). Loss of Env incorporation was also observed in MICAL-L1 or EHD1-depleted 223 

CEM cells (Figure 4B and S1B, CEM, viral gp41 lanes). Jurkat cells demonstrated a 224 

similar, though less profound, depletion of Env in released particles (Figure 4B and 225 

S1B, Jurkat, viral gp41 lanes). Quantitation of gp41/p24 ratios in released particles from 226 

permissive or semipermissive cells is shown in Figure 4C and S1C, and from 227 

nonpermissive cells in Figure 4D and S1D. As in the example blots shown, repeated 228 

experiments established that depletion of either MICAL-L1 or EHD1 led to loss of Env 229 

from particles released from H9, Jurkat, and CEM cells, with the most profound loss 230 

observed from H9 cells, while there was no loss of Env from HeLa, MT4, or 293T upon 231 
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depletion of MICAL-L1 or EHD1.  In summary of these experiments, disruption of TRE 232 

function by depletion of MICAL-L1 or EHD1 in permissive or semipermissive cells had 233 

no significant effect on Env incorporation, while disruption of TRE function in 234 

nonpermissive cells introduced a defect in Env incorporation,  consistent with a model in 235 

which the TRE pathway is the dominant pathway for Env trafficking and incorporation in 236 

the most relevant cell types (nonpermissive cells).  237 

Cell Surface Levels of Env are unaffected by MICAL-L1, EHD1 depletion 238 

Findings shown above indicate that Env incorporation into particles in nonpermissive T 239 

cell lines is dependent upon an intact TRE. We hypothesized that depletion of MICAL-240 

L1 or EHD1 would reduce Env recycling to the PM, and therefore may reduce total cell 241 

surface envelope in these cell types. Cells were infected with VSV-G-pseudotyped HIV-242 

1 (H9, MT-4, CEM, Jurkat) or transfected with NL4-3 proviral DNA (HeLa, 293T) 243 

following control shRNA or active shRNA depletion, and then assayed for cell surface 244 

Env by flow cytometry. Surprisingly, knockdown of either EHD1 or MICAL-L1 had no 245 

discernible effect on cell surface Env in any of the cell lines tested (Figure 5A). These 246 

surprising results were repeated a minimum of three times for each cell line. As 247 

discussed further below, this suggests that Env recycling from the TRE represents a 248 

small subset of total Env reaching the cell surface, and this Env subset is likely rapidly 249 

removed from the surface through particle budding.  250 

Cell type-dependence on an intact TRE for single-round infectivity and viral replication  251 

To further evaluate the effect of TRE disruption on HIV particles, we examined single-252 

round infectivity of particles produced from permissive or nonpermissive cells following 253 

EHD1 or MICAL-L1 depletion by inoculation onto TZM-bl reporter cells. Consistent with 254 
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the Env incorporation results, neither EHD1 nor MICAL-L1 knockdown had an effect on 255 

infectivity of virus produced from 293T, MT4, or HeLa cells (Figure 5B). In contrast, 256 

depletion of MICAL-L1 or EHD1 in H9, CEM, or Jurkat cells significantly reduced 257 

particle infectivity; resulting in a decrease to 13%, 31%, and 37% for EHD1 knockdown 258 

or 29%, 47%, and 48% of control for the MICAL-L1 knockdown in H9, CEM, and Jurkat 259 

cells respectively (Figure 5B). Interestingly, the greatest effects in these experiments 260 

were observed following EHD1 depletion in H9 cells, with an average of 8.03-fold 261 

decrease in specific infectivity.  262 

 263 

Disruption of TRE components disrupts spreading HIV-1 infection in a cell type-264 

dependent manner 265 

Multiple-round assays of viral replication in cell culture may reveal different phenotypes 266 

than single-round assays, as both cell-cell and cell-free infection can contribute to 267 

ongoing viral spread.  We evaluated the role of an intact TRE in MT-4, H9, CEM, and 268 

Jurkat cells following depletion of MICAL-L1 or EHD1 vs. control shRNA-treated cells. 269 

Cells were infected with VSV-G-pseudotyped NL4-3 virus, and production of virus 270 

monitored over time by measurement of p24 release. Depletion of either MICAL-L1 or 271 

EHD1 had no significant impact on viral replication in MT4 cells (Figure 6A and 6B). 272 

Remarkably, depletion of MICAL-L1 or EHD1 severely impaired viral replication in H9 273 

cells (Figure 6C, 6D). Replication in CEM cells following depletion of MICAL-L1 or 274 

EHD1 also indicated a lower level of spreading infection upon TRE disruption (Figure 275 

6E, 6F). A somewhat different pattern was observed with MICAL-L1 depletion in Jurkat 276 

cells, where an initial delay in viral propagation was observed followed by equivalent 277 
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p24 production by the end of the growth curve sampling period (Figure 6G), while EHD1 278 

depletion resulted in growth curves similar to those of CEM cells. The less profound 279 

depletion of Env from Jurkat or CEM cells upon depletion of MICAL-L1 (Figure 4) or 280 

EHD1 (Figure S1) likely explains the diminished magnitude of the effects seen in viral 281 

spread in Jurkat cells. These results suggest that the cell type-specific disruption of Env 282 

incorporation seen with disruption of TRE components leads to defects in both single-283 

round infectivity and in the ability to replicate efficiently in a spreading infection. 284 

Env trafficking to the TRE in primary monocyte-derived macrophages (MDMs)  285 

The importance of the TRE in regulating Env incorporation in nonpermissive cells 286 

should reflect relevance to primary cells, as Env incorporation in primary T cells and 287 

macrophages requires an intact CT.17 To directly address this, we first asked if Env is 288 

found in the TRE within MDMs. MDMs were infected with the macrophage-tropic BaL 289 

strain of HIV, and fixed for immunofluorescence analysis for Env and markers of the 290 

TRE. MICAL-L1 was observed in tubular structures throughout the periphery of the 291 

MDMs, in a somewhat less organized pattern than that seen in HeLa cells (Figure 7A). 292 

Colocalization of Env was apparent in MICAL-L1 tubules (Figure 7A, inset panels). We 293 

next sought to deplete MICAL-L1 or EHD1 in primary MDMs. To do this, we treated 294 

MDMs with specific siRNAs or a scrambled siRNA control. A significant but not 295 

complete knockdown was achieved for both TRE components in these primary cells 296 

(Figure 7B, MICAL-L1, EHD1, siRNA lanes). Importantly, depletion of MICAL-L1 or 297 

EHD1 in primary MDMs reduced incorporation of gp41 and gp120 (Figure 7B, virus, 298 

gp41 and gp120 blots). This experiment was performed in MDMs from four different 299 

donors. Although there was some variability in gp41/p24 ratios between 300 
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donors/experiments, a significant effect of MICAL-L1 or EHD1 depletion on Env 301 

incorporation into released particles was observed (Figure 7C). These results indicate 302 

that disruption of the TRE inhibits trafficking and particle incorporation in primary MDMs. 303 

When taken together with other results presented here, we conclude that Env trafficking 304 

and particle incorporation via the TRE is an important determinant of Env incorporation 305 

in the most relevant cell types for HIV replication. 306 

 307 

DISCUSSION 308 

The mechanism by which HIV-1 Env is incorporated into viral particles remains 309 

incompletely defined. Multiple models for Env incorporation have been proposed 310 

(reviewed in 2,18). Previous work from our laboratory and others has implicated a role for 311 

host cell trafficking pathways in regulating Env incorporation.3,5,7,10,19,20,31 It remains 312 

counterintuitive that HIV-1 Env is rapidly endocytosed to internal membranes where it 313 

may be shunted to the lysosome for degradation, delivered to the TGN through Golgi 314 

retrieval pathways, or recycled to the PM through the ERC, rather than simply remaining 315 

at the PM for subsequent particle assembly. Defining the precise trafficking pathways 316 

utilized by Env is important in order to determine whether specific host factors regulate 317 

the appearance of Env at membrane microdomains where interactions with the Gag 318 

lattice occur and infectious particles are generated. Furthermore, understanding Env 319 

trafficking may provide insights into immune evasion by HIV-infected cells, with 320 

implications for HIV cure and HIV vaccine development efforts.  321 

  Here we identify for the first time the interaction of HIV-1 Env with the TRE, a 322 

subcomponent of the cellular recycling apparatus that is responsible for sorting of 323 
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receptors such as major histocompatibility complex class I (MHC-I) back to the PM 324 

following endocytosis. In live cells, Env at the PM rapidly entered tubules enriched in 325 

PIP2, and fixed cell studies confirmed that these tubules were membranes marked by 326 

the classical TRE components Rab10, MICAL-L1, and EHD1. TRE localization of Env 327 

required an intact CT, as truncated Env or Env with mutations of tryptophan-containing 328 

motifs in the LLP3 region failed to reach the TRE. The biological significance of this 329 

finding was confirmed by depletion of either MICAL-L1 or EHD1, which led to a 330 

significant reduction in Env incorporation and particle infectivity, and reduced replication 331 

in a spreading infection assay. Importantly, the effect of disruption of TRE components 332 

on Env incorporation was limited to specific cell types that have previously been 333 

described as “nonpermissive” for the incorporation of Env lacking an intact CT, thus 334 

linking the TRE to cell type-dependence of Env incorporation.   335 

  Murakami and Freed originally described the differences between cell types that 336 

require an intact CT for the efficient incorporation of Env into particles (nonpermissive 337 

cells) and cell types that allow incorporation of CT-deleted Env (permissive cells).17 It is 338 

important to note that replication of HIV-1 in the cell types most relevant to HIV-1 339 

biology and pathogenesis, CD4+ T cells and macrophages, requires an intact CT 340 

(nonpermissive). These results suggest that host cell-specific factors that interact with 341 

the CT regulate Env incorporation. Evidence presented in this work establishes the TRE 342 

as an important determinant of cell type-dependent Env incorporation. This provides 343 

evidence for a model in which recycling to the PM determines particle incorporation of 344 

Env in the most relevant cell types. According to this model, endocytosed Env reaches 345 

the TRE, where sorting and interaction with specific TRE components determines 346 
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subsequent scission from the TRE and recycling to the site of particle assembly for 347 

interaction with the developing Gag lattice. Differences in expression of essential 348 

components of the TRE required for interaction with the CT and recycling to the PM 349 

may therefore define differences between permissive and nonpermissive cells, and will 350 

require further dissection.  351 

  Depletion of MICAL-L1 or EHD1 led to significant reductions in Env particle 352 

incorporation, yet had no effect on the total cell surface Env in infected cells. This 353 

striking result suggest that it is only a small subfraction of the total cellular Env that is 354 

sorted back to the PM through TRE-dependent pathways. In our experiments using 355 

infection or expression of intact provirus, this fraction of Env at the PM would have been 356 

further depleted through particle incorporation and budding. It is well known that 357 

incorporation of Env into HIV particles is inefficient, resulting in only 7-14 trimers per 358 

virion.32-34 The relatively limited delivery of Env trimers from the TRE to the developing 359 

Gag lattice may determine this low level of incorporation, while the bulk of cell surface 360 

Env is somehow excluded from virion incorporation. It will be important in the future to 361 

define which components of the TRE represent the limiting factors in Env recycling and 362 

particle incorporation, allowing pursuit of interventions that either would inhibit or 363 

enhance delivery of Env to the site of assembly. 364 

  FIP1C is a cellular recycling adaptor previously implicated in Env trafficking and 365 

particle incorporation.14,19,20 A recent report found that FIP1C knockout did not limit HIV 366 

replication in CD4+ T cells, and questioned the relevance of this adaptor in explaining 367 

cell type-dependent incorporation of Env in primary cells.21 We note, however, that this 368 

report confirmed a significant effect of FIP1C on Env incorporation in several T cell lines 369 
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including H9 cells. While FIP1C expression levels in nonpermissive vs. permissive cells 370 

do not explain differences in cell type-dependent incorporation of Env, the effects of 371 

FIP1C depletion on Env incorporation seen in cells such as H9, and the trapping of Env 372 

in the ERC upon overexpression of truncated FIP1C, established a connection between 373 

host cell recycling pathways and Env incorporation. The finding that FIP1C is also a 374 

TRE component and strongly colocalizes with EHD1 is intriguing, one that we suggest 375 

links this prior work to our current findings. We hypothesize that FIP1C is an adaptor 376 

that is involved in the sorting of an additional TRE-associated recycling factor that may 377 

itself interact with the CT. Notably, EHD1 and the related ATPase EHD3 have been 378 

documented to directly interact with Rab11-FIP2 (FIP2), and depletion of EHD1 alters 379 

FIP2 subcellular localization.35 FIP2 contains three NPF motifs, and binding to the 380 

second NPF motif of FIP2 is essential for EHD1 or EHD3 binding. While FIP1C has not 381 

been reported to directly bind to EHD1, the striking colocalization with EHD1 in this 382 

study suggests that it may associate with EHD1 either through a direct interaction or 383 

through heterodimerization with FIP2.36  384 

  EHD1 is an ATPase involved in scission of membranes, facilitating vesicular 385 

delivery of proteins such as transferrin receptor, β1 integrin, the glucose transporter 386 

GLUT4, epidermal growth factor receptor, and MHC1 from the TRE to the PM.22,37-40 387 

EHD1 is recruited to the TRE through interactions with NPF motifs present on MICAL-388 

L1 and syndapin2, a MICAL-L1 binding partner and F-BAR domain protein. The 389 

involvement of EHD1 in facilitating delivery of a subpopulation of cellular HIV-1 Env to 390 

the PM for incorporation into particles raises additional questions regarding how Gag 391 

and Env interact within the cell. PIP2- and Env-enriched vesicles released from the TRE 392 
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and transported to the PM could constitute natural binding sites for Gag through the 393 

interaction of the basic patch on the matrix domain of Gag with PIP2-enriched 394 

membranes.41 Interactions of Gag with PIP2-enriched membranes on the TRE prior to 395 

EHD1-mediated scission are also possible. It is of interest that the MICAL-L1- and 396 

EHD1-binding partner syndapin2 (also known as pacsin2) is itself incorporated into HIV-397 

1 particles through an interaction with the p6 domain of Gag, and has been previously 398 

implicated in facilitating HIV spreading infection.42  399 

  In summary, we have shown that trafficking of HIV-1 Env to the TRE is CT-400 

dependent, and is a defining factor in cell type-dependent incorporation of Env into 401 

particles. This work provides support for a model in which host recycling factors are 402 

crucial for particle incorporation, and opens up new avenues for investigating this step 403 

in the HIV-1 lifecycle.  404 

 405 

MATERIALS AND METHODS 406 

 Cell Lines: HeLa, 293T, H9, Jurkat, and CEM cells were obtained from the 407 

American Type Culture Collection (ATCC; CCL-2, CRL-3216, HTB-176, TIB-152, and 408 

CCL-119). MT-4 cells were obtained from the NIH AIDS Reagent Program (ARP-120). 409 

TZM-bl cells were obtained through the NIH AIDS Reagent Program, Division of AIDS, 410 

NIAID, NIH, from John C. Kappes, Xiaoyun Wu, and Tranzyme, Inc. HeLa, TZM-bl, and 411 

293T cells were maintained in Dulbecco’s modified Eagle Medium (DMEM) (Thermo 412 

Fisher Scientific) supplemented with 10% FBS (Fetal Bovine Serum), 2 mM L-413 

glutamine, 100 IU penicillin, and 100 μg/mL streptomycin. H9, Jurkat, CEM, and MT-4 414 

cells were maintained in RPMI 1640 (Roswell Park Memorial Institute) containing 10% 415 
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FBS (Fetal Bovine Serum), 2 mM L-glutamine, 100 IU penicillin, and 100 μg/mL 416 

streptomycin. All cell lines were cultured from early passage frozen stocks from the 417 

original source and were documented to be mycoplasma negative. 418 

 Primary MDM culture: Primary monocyte-derived macrophages (MDMs) were 419 

prepared as follows: peripheral blood mononuclear cells (PBMCs) were isolated from 420 

donors using Ficoll- Hypaque gradient centrifugation. PBMCs from the buffy coats were 421 

pooled and extensively washed with PBS to remove residual platelets. Monocytes were 422 

enriched by negative selection method using Miltenyi Pan monocyte isolation kit 423 

(Miltenyi Biotec Inc). Enriched monocytes were plated on poly-D-lysine coated 35mm 424 

Mattek dishes (MatTek) or poly-D-lysine coated 6 well plates (Corning) and cultured in 425 

RPMI 1640 media supplemented with 10% FBS (Bio-Techne), 100U/ml penicillin, 426 

100ug/ml streptomycin and 2mM Glutamine. The cells were matured in the presence of 427 

5 ng/ml GM-CSF (PeproTech) for 7 days to facilitate maturation into monocyte derived 428 

macrophages (MDMs). PBMCs were obtained from four distinct donors for this analysis.  429 

 shRNA or siRNA-mediated knockdown. Knockdowns were performed in all 430 

cells except MDMs using lentiviral transduction of cells with shRNA. ShRNA plasmids 431 

were acquired from Sigma for EHD1 and MICAL-L1. To produce lentiviral particles, 432 

293T cells were seeded at a density of one million cells per well of a 6-well plate 433 

overnight. The next day, cells were transfected with 0.5 μg pMD2.G, 0.5 μg psPAX2, 434 

and 1 μg of MICAL-L1 or EHD1 shRNA in pLKO.1 vector using Jetprime transfection 435 

reagent (Polyplus). Following transfection, 293T cells were incubated for 48 hours then 436 

harvested and clarified by centrifugation and filtration through 0.45 μm filter. 250,000 437 

HeLa, 1 million 293T, or 3-4 million H9, Jurkat, MT4, or CEM were infected overnight in 438 
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a 6-well plate in the presence of 0.5 μg/mL polybrene (Sigma-Aldrich). The following 439 

day, cells were incubated with selection media containing 1 μg/mL puromycin (H9, 440 

CEM, MT-4) or 2 μg/mL puromycin for Jurkat. The degree of knockdown of each target 441 

gene in each cell type was then assessed by Western blot analysis. For knockdown of 442 

MICAL-L1 or EHD1 in MDMs, siRNA-mediated depletion was performed with RNAiMAX 443 

reagents purchased from Sigma. Macrophages were serum starved for one hour prior to 444 

transfection. 25 nmol of siRNA was diluted in 100 uL of Optimem media (Thermo Fisher 445 

Scientific) while in a separate tube 20 uL of Lipofectamine RNAiMAX transfection 446 

reagent (Thermo Fisher Scientific) was mixed with another 100 uL of OptiMem media. 447 

The diluted siRNA and RNAiMAX stocks were mixed 1:1 and incubated for 5 minutes at 448 

room temperature followed by addition to the Macrophages in serum free media. After 449 

6-8 hours, Macrophages were switched to RPMI 1640 media supplemented with 10% 450 

FBS, 100U/ml penicillin, 100ug/ml streptomycin and 2mM Glutamine. 451 

 Viral infection for analysis of Env incorporation. 4-5 million MICAL-L1 452 

specific, EHD1 specific, or scrambled shRNA-treated T-cells were infected with 150 ng 453 

p24 of VSV-G-pseudotyped NL4-3 virus for 48 hours. HeLa and 293T scrambled 454 

shRNA-treated or knockdown cells were plated at a density of 250,000 cells per well of 455 

a 6 well plate and transfected with 0.5 μg of NL4-3 plasmid DNA overnight. 456 

Supernatants were precleared of cells and debris by centrifuging at 17,000 rcf for 5 457 

minutes. Viruses were harvested from supernatants by pelleting through a 20% sucrose 458 

cushion at maximum speed (17,000 rcf) for 2 hours on a microcentrifuge. Viral pellets 459 

were then lysed in ice cold RIPA buffer with protease inhibitors. Cells were also lysed in 460 

RIPA buffer. Quantitation of virus stocks was performed by p24 ELISA as previously 461 
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described.43 For infection of MDMs, a stock of HIV-1BAL prepared from human PBMCs 462 

stimulated with PHA and IL-2 was prepared as previously described,44 and MDMs were 463 

infected at an MOI of 0.75 as measured on TZM-bl reporter cells. Imaging was 464 

performed 5 days post-infection. Harvesting of MDMs for analysis of cell lysates and 465 

viral pellets was performed on day 7 post-infection.  466 

 Western blotting for viral and cellular proteins. Viruses were pelleted through 467 

a 20% sucrose cushion and resuspended in RIPA buffer, and cells were lysed with 468 

RIPA buffer. Viral supernatants were normalized for p24 by ELISA, and cell lysates 469 

were normalized for total protein by DC protein assay. Supernatants and lysates were 470 

analyzed by 10% bis-tris SDS-PAGE and transferred to nitrocellulose membranes. 471 

Membranes were blocked with Intercept blocking buffer (LI-Cor Biosciences) for 30 472 

minutes followed by antibody staining. All antibodies were diluted in Intercept blocking 473 

buffer with 0.15% Tween-20 at the following dilutions: gp41 was detected with human 474 

2F5 (Polymun) (1:1000); gp120/gp160 were detected with human antibody 2G12 475 

(Polymun) (1:1000); actin was detected with mouse anti-actin (Thermo Fisher Scientific, 476 

MA5-11869) (1:3000); p24 was detected with mouse CA183 (1:1000); MICAL-L1 was 477 

detected with mouse anti-MICAL-L1 (Novusbio, H00085377-B01P) (1:300); EHD1 was 478 

detected with rabbit anti-EHD1 (Sigma-Aldrich, 067747) (1:500). Primary antibodies 479 

were detected with LICOR IRDyes (LI-Cor Biosciences) against the appropriate species 480 

diluted 1:10,000 in blocking buffer with 0.15% Tween-20. 481 

 Infectivity measurement and replication assays. Infectivity of cell culture 482 

supernatants was measured using TZM-bl indicator cells following p24 normalization as 483 

previously described.45 For assessment of multi-round replication, 1 million MICAL-L1 484 
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KD, EHD1 KD, or scrambled shRNA-transduced T-cells were infected with 50 ng of 485 

VSV-G-pseudotyped NL4-3 virus overnight. The next day, the cells were washed and 486 

plated in 12-well dishes in 2 mL of RPMI containing 10% FBS supplemented with 487 

1ug/ml puromycin and antibiotics. Every two to three days, 200 μL of media was 488 

removed and replaced with fresh media. Sampled supernatants were analyzed by p24 489 

ELISA.  490 

  Immunofluorescence microscopy. For live cell experiments, HeLa cells were 491 

plated in 35mm2 poly–d-lysine-treated dishes (MatTek) overnight and then were then 492 

transfected with plcδ-PH-GFP and pcDNA5/TO JR-FLoptgp160-FAP constructs using 493 

jetPRIME (Polyplus). 20 hours later, live cell imaging was conducted in 5% CO2 at 37°C 494 

chamber on a Deltavision Elite live cell deconvolution imaging system using the TIRF 495 

imaging configuration. FAP reagent αRED-np1 (Spectragenetics) was directly added to 496 

the supernatant as images were acquired, with images taken at a rate one every 15 497 

seconds over a period of 20 minutes.  For imaging of fixed samples, cells were washed 498 

with warm PBS then fixed for fifteen minutes with 4% paraformaldehyde in PBS 499 

prewarmed to 37°C. Following fixation, samples were permeabilized by briefly 500 

incubating with 0.05% Triton X-100 (Sigma Aldrich), then blocked with Dako protein 501 

block (Agilent Technologies) for 30 minutes. Blocking solution was washed out with 502 

PBS containing 0.05% Triton X-100 and samples were stained with primary antibody 503 

diluted in Dako antibody diluent (Agilent Technologies). Primary antibodies and dilutions 504 

used were as follows: 2G12 for Env (1:1000); EHD1 (1:500); MICAL-L1 (1:300). Live 505 

imaging was performed using FAP-Env and GFP-PLCδ1-PH expressed for 24 hours. 506 

FAP-Env was incubated with non-membrane permeable fluorogenic peptide reagent for 507 
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5 minutes prior to wash out and imaging. Imaging was performed with Deltavision Elite 508 

or Deltavision OMX microscopes (Leica Microsystems, Wetzlar, Germany) with a 60X 509 

lens (NA: 1.42) and images were processed with Volocity software (Quorum 510 

Technologies, Inc). 511 

 Flow Cytometry. Cells were infected with VSV-G-pseudotyped NL4-3 overnight 512 

followed by wash with PBS and incubation at 37°C for 24-48 hours. Cells were then 513 

collected into microcentrifuge tubes, stained with zombie violet diluted 1:500 in PBS for 514 

live dead discrimination for 30 minutes at room temperature, washed twice with PBS, 515 

and fixed with 4% paraformaldehyde for 10 minutes. Blocking was performed with Dako 516 

protein block supplemented with 1:100 dilution of 1 mg/mL non-specific human IgG for 517 

30 minutes. Block was washed out with PBS, and cells were incubated with 2G12 518 

directly conjugated to APC (Abcam, ab201807) diluted 1:100 from 1 mg/mL in Dako 519 

antibody diluent for 2 hours to stain for cell surface Env. Cells were washed twice and 520 

permeabilized with 0.2% Triton X-100 for five minutes and washed again. Cells were 521 

then stained for Gag with KC57-FITC (Beckman Coulter, 6604665) for 2 hours, washed 522 

twice with PBS, and were resuspended in an appropriate amount of MACS buffer 523 

(Miltenyi Biotec) supplemented with BSA (Miltenyi Biotec). Samples were analyzed 524 

using BD FACS Canto II (BD Biosciences) and data was processed with FlowJo 525 

software (BD Biosciences). 526 

 Statistical Analysis. Manders’ colocalization coefficient was performed using 527 

the Volocity software package (Quorum Technologies, Inc). Comparisons between 528 

colocalization values from multiple cells were plotted as mean ±SD. Significance was 529 

determined using unpaired t-test for colocalization differences in Figure 2, employing 530 
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Graphpad Prism for these calculations. In all other comparisons where multiple 531 

comparisons were performed, one way ANOVA with false discovery rate correction46 532 

was performed using Graphpad Prism.  533 

 534 
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FIGURE LEGENDS 552 

 553 

Figure 1. Endocytosed Env is present in elongated lipid tubules consistent with 554 

the TRE 555 

(A) FAP-tagged Env was coexpressed in HeLa cells with GFP-tagged PLCδ-PH. Pulse-556 

chase analysis was then performed using a non-membrane permeable fluorogen at 557 

37°C, with Images captured at 15 second intervals. Images from the first 5 minutes of 558 

acquisition are shown here; see also Supplemental Video 1 for the full 20-minute 559 

imaging period. (B) Env expressed in HeLa cells was stained and imaged following 560 

fixation with pre-warmed paraformaldehyde and permeabilization with low amounts of 561 

nonionic detergent. Env alone was observed in tubular form under these conditions 562 

(top). Env was then examined in cells co-stained for characteristic TRE markers MICAL-563 

L1, EHD1, and Rab10 (bottom panels). (C) Tubular structures showing dual staining for 564 

Env and MICAL-L1 were analyzed using structured illumination microscopy, and 565 

diameters measured at multiple points along the tubules (arrows). 566 

 567 

Figure 2. Env colocalization with the TRE requires an intact CT  568 

(A) Env with a full-length CT was examined in cells together with staining for MICAL-L1, 569 

EHD1, and Rab10. A region of interest was selected for measuring intensity plots 570 

(boxed region and rightmost panels). (B) Linear intensity profiles were measured across 571 

tubules marked by TRE proteins, and compared with intensity of Env signal from (A). 572 

Note co-occurrence of intensity peaks of red and green pixels.  (C) CT144 Env was 573 

expressed, and the procedure for generating intensity plots across TRE tubules was 574 
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repeated. (D) Intensity plots for TRE markers (green) and CT144 Env (red), showing 575 

lack of concurrence of intensity peaks. (E) Manders’ correlation coefficient was 576 

measured as colocalized pixels/total pixels of each TRE marker from cells in (A) and (C) 577 

and is reported as mean ± SD. Significance was assessed using unpaired T-test. ***, 578 

P<0.001. 579 

 580 

Figure 3. FIP1C is present on tubular endosomes and colocalizes with EHD1 581 

 (A) HeLa cells were stained for endogenous FIP1C. A subset of cells examined 582 

showed a clear tubular pattern of endogenous signal as shown. (B) FIP1C and Env 583 

colocalize on tubular endosomes. HeLa cells expressing JR-FL Env were fixed as 584 

before and stained for Env and FIP1C. Cells were fixed and stained as described 585 

previously. (C) Colocalization of FIP1C with TRE markers. Top Images: Striking 586 

colocalization was noted between endogenous FIP1C (red) and EHD1 (green) along 587 

tubular structures and in punctate form. Insets on right shown for clarity. Bottom images: 588 

endogenous FIP1C was found along tubules contiguous with MICAL-L1, with a lower 589 

degree of colocalization than that seen with EHD1. (D) Colocalization of FIP1C with 590 

EHD1 or MICAL-L1 as shown in (B) was assessed using Manders’ colocalization 591 

coefficient in multiple images, and shown as the proportion of colocalized pixels over 592 

total MICAL-L1 or EHD1 pixels, mean ±SD. (E) Analysis as in (D), but shown as 593 

colocalized pixels over total FIP1C pixels, mean ±SD. (F) Analysis of colocalization was 594 

performed with WT Env and MICAL-L1 (top) compared with two Env mutants bearing 595 

mutations in LLP3 region, WE790/WW796 (middle) and LL784/WE790/WW796
13

.  (G) 596 

Manders’ correlation coefficients from experiment shown in (F) are plotted. Significance 597 
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assessed using one way ANOVA with false discovery rate correction using the two 598 

stage set up method of Benjamini, Krieger, and Yekutieli46 included in Prism software 599 

(Graphpad). *** P<0.001. 600 

 601 

Figure 4. Depletion of MICAL-L1 reduces Env incorporation in a cell type-specific 602 

manner 603 

Viral and cellular protein content was examined following shRNA-mediated knockdown 604 

of MICAL-L1 or treatment with scrambled (Scr) shRNA. (A) Semipermissive (HeLa) cells 605 

and permissive cells MT-4, 293T displayed no noticeable defect in Env incorporation 606 

despite high efficacy of knockdown. Asterisk denotes viral gp41 lane as indicator of Env 607 

incorporation into particles. (B) Nonpermissive cell types H9, CEM, and Jurkat cells 608 

demonstrate reduced particle incorporation of Env (gp41, asterisks) following MICAL-L1 609 

depletion. (C) Quantitation of Env/p24 ratio, using Scr lanes as 100%, from repeated 610 

experiments; permissive/semipermissive cell panel. (D) Quantitation of Env/p24 ratio, 611 

using Scr lanes as 100%, from repeated experiments; nonpermissive cell panel. See 612 

also Figure S1 related to EHD1 depletion. Significance assessed using one way 613 

ANOVA with false discovery rate correction46 included in Prism software (Graphpad). * 614 

P<0.05, ** P<0.01. 615 

 616 

Figure 5. Knockdown of EHD1 or MICAL-L1 does not reduce cell surface Env but 617 

diminishes specific particle infectivity  618 

(A) Knockdown or Scr cells were infected or transfected as described in the methods for 619 

Figure 5 and stained for cell surface Env with APC-conjugated 2G12 antibody. Cells 620 
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were then permeabilized and stained for p24 with KC-57 FITC to gate for infected cells. 621 

Neither EHD1 nor MICAL-L1 knockdown (blue) reduced cell surface Env relative to Scr 622 

control (red) in any of the cell types tested. Grey indicates uninfected control cells 623 

stained with 2G12 antibody. (B) Virus was produced from EHD1 or MICAL-L1 624 

knockdown cells as in experiments shown in Figure 4 and evaluated for specific 625 

infectivity by TZM-bl assay. EHD1 knockdown is shown in light colored bars, and 626 

MICAL-L1 knockdown is shown in the darkest colored bars. Semi-permissive HeLa and 627 

permissive 293T and MT4 cells showed no significant difference in particle infectivity 628 

from Scr treated or knockdown cells. In nonpermissive H9, CEM, and Jurkat cells there 629 

was a significant reduction in infectivity of particles produced following MICAL-L1 or 630 

EHD1 depletion. Significance was assessed using ANOVA with false discovery rate 631 

correction as before. *, P<0.05; **, P<0.01; ***, P<0.001. 632 

 633 

Figure 6. Depletion of MICAL-L1 or EHD1 results in replication defects in a cell 634 

type-specific manner   635 

Cells were infected with NL4-3 and maintained for 3 weeks with intermittent sampling to 636 

assess virus release using p24 antigen assay. Growth curves following depletion of 637 

MICAL-L1 (left) or EHD1 (right) in permissive MT-4 cells (A,B), nonpermissive H9 cells 638 

(C,D), nonpermissive CEM cells (E,F) and nonpermissive Jurkat cells (G,H).  639 

 640 

Figure 7. Env trafficking to the TRE regulates particle incorporation in primary 641 

MDMs 642 
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(A) MDMs were prepared from human donor monocytes and infected with HIV-1BAL. 643 

Cells were stained for HIV-1 Env and MICAL-L1 on day 5 post-infection. Region of 644 

interest shown as inset on right demonstrates colocalization of Env with this TRE 645 

marker. (B) siRNA-mediated depletion of MICAL-L1 or EHD1 was carried out in MDMs 646 

prior to infection with HIV-1BAL, using two distinct siRNAs and compared with Scr siRNA. 647 

Cell lysates and particles were harvested on day 7 following infection and examined by 648 

Western blot. Note depletion of gp41 and gp120 bands in siRNA lanes. (C) Quantitation 649 

of Env incorporation as assessed by gp41/p24 ratio in four separate experiments 650 

employing depletion of MICAL-L1 (M-siRNA) or EHD1 (E-siRNA). Significance 651 

addressed using one-way ANOVA as before. ***, P<0.001. 652 

 653 

 654 

655 
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FIGURE 2 828 
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FIGURE 3 830 
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FIGURE 4 832 
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FIGURE 5 834 
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FIGURE 6 836 
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FIGURE 7 838 

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

The copyright holder for this preprintthis version posted December 17, 2023. ; https://doi.org/10.1101/2023.12.17.572063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.17.572063
http://creativecommons.org/licenses/by-nc-nd/4.0/

