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 Abstract:  In this study, we report that IFN-γ, but not IFN α, β or λ treatment, dramatically 16 

decreased infection of HPV16 pseudovirus (PsV).  In a survey of 20 additional HPV and animal 17 

papillomavirus type, we found that many, but not all, PsV types were also inhibited by IFN-γ.  18 

Microscopic and biochemical analyses of HPV16 PsV determined that the antiviral effect was exerted at 19 

the level of endosomal processing of the incoming capsid and depended on the JAK2/STAT1 pathway.  In 20 

contrast to infection in the absence of IFN-γ, where L1 proteolytic products are produced during 21 

endosomal capsid processing and L2/DNA complexes segregate from L1 in the late endosome and travel 22 

to the nucleus, IFN-γ treatment led to decreased L1 proteolysis and retention of L2 and the viral genome 23 

in the late endosome/lysosome.  PsV sensitivity or resistance to IFN-γ treatment was mapped to the L2 24 

protein, as determined with infectious hybrid PsV in which the L1 protein was derived from an IFN-γ-25 

sensitive HPV type and the L2 protein from an IFN-γ-insensitive type, or vice versa.  26 

 27 

 28 

Importance:  A subset of human papillomaviruses (HPV) are the causative agents of many 29 

human cancers, most notably cervical cancer.  This manuscript describes the inhibition of infection of 30 

multiple HPV types, including oncogenic types, by treatment with interferon-γ, an antiviral cytokine that 31 

is released from stimulated immune cells.  Exposure of cells to IFN-γ has been shown to trigger the 32 

expression of proteins with broad antiviral effector functions, most of which act to prevent viral 33 

transcription or translation.  Interestingly, in this study, we show that infection is blocked at the early 34 

step of virus entry into the host cell by retention of the minor capsid protein, L2, and the viral genome, 35 

instead of trafficking into the nucleus.  Thus, a novel antiviral mechanism for interferon-γ has been 36 

revealed. 37 

 38 

39 
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Papillomaviruses (PVs) are members of a large group of non-enveloped DNA tumor viruses that 40 

infect epithelial tissues of a wide range of vertebrate species.  A subset of oncogenic mucosal human PV 41 

(HPV) types are the causal agents of cervical cancer.  These “high-risk” types, especially HPV16, are also 42 

linked to vulvar, vaginal, anal, and oropharyngeal cancers (1).  The cascade of viral protein expression is 43 

integrally tied to epithelial differentiation, with virion production only occurring in the terminally 44 

differentiated upper layers (2).  These features combine to allow circumvention of host innate and 45 

adaptive immune responses, as few pro-inflammatory signals are elicited during these early stages (3).  46 

However, most PV infections that induce overt hyperproliferation are eventually cleared with the 47 

apparent involvement of lymphocytic infiltrates (reviewed in (4)).  Also, HPV infections are often 48 

superimposed on colonization with other microbial agents, e.g. in the female reproductive tract 49 

(reviewed in (5)).  It is, therefore, of interest to determine if anti-viral molecules that are known 50 

components of the innate or adaptive immune response to other infections could inhibit PV infection.  51 

In this regard, there has been a single report of type l interferons inhibiting in vitro HPV16 infection (6). 52 

 The IFNs are a family of secreted polypeptides that were first identified by their ability to induce 53 

cellular resistance to viral infection (7). Type I interferons, including IFN-α and IFN-β, are released from 54 

many virally-infected cells, and interact with a shared, broadly expressed plasma membrane receptor (8, 55 

9).  The more recently described type III IFNs (IFN-λ) are also induced by viral infection (10).  However, 56 

IFN-λ receptors are largely restricted to cells of epithelial origin, resulting in a narrower cellular response 57 

to pathogens (9).  The sole type II IFN, IFN-γ, is released from activated T lymphocytes and NK cells (9).  58 

IFN-γ is critical for macrophage activation in response to microbial infection, but a wide variety of other 59 

cell types, including epithelial cells, express its receptor, IFNGR, and are responsive to IFN-γ activation (8, 60 

9).  The antiviral activity of IFN-γ can either occur directly through the induction of effector molecules or 61 

indirectly through enhanced antigen presentation. 62 
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One technical consequence of the restriction of the productive PV life cycle to the terminally 63 

differentiating epithelium is the resultant difficulty in obtaining authentic viral particles.  The 64 

pseudovirus (PsV) production system, which is an alternative to authentic virus, has been used most 65 

often to examine early events in PV infection, including host cell binding and entry (11-13).  These 66 

surrogate particles contain the two capsid proteins, the major protein, L1, and the minor protein, L2, 67 

and encapsidate a plasmid termed a pseudogenome, which encodes a reporter protein. Expression of 68 

this reporter indicates successful completion of the entry process.  PV initially interact with heparan 69 

sulfate proteoglycans (HSPGs) on either the cell surface (in vitro) or basement membrane (in vivo) (14-70 

16).  This interaction induces distinct conformational changes in the capsids, including the critical 71 

exposure of the amino terminus of L2, which contains a conserved furin cleavage site that must be 72 

proteolytically processed for successful infection (17, 18).  Capsid endocytosis proceeds via a novel 73 

pathway which is most closely related to macropinocytosis (19).  The viral particles traverse the 74 

endosomal system via early endosomes and are subsequently delivered to late endosomes 75 

(LE)/lysosomes (20, 21).  In the presence of lysosomotropic agents, infection is abolished, and the 76 

particles accumulate in the LE/lysosomal compartment (19).  The majority of the major capsid protein, 77 

L1, is retained within this compartment, whereas L2 and the genome are segregated from L1 and 78 

delivered into the trans-Golgi network (TGN) via a Rab7b- and Rab9a-dependent manner prior to their 79 

delivery to the nucleus (22).  Retromer-dependent transport of the L2/DNA complex from the early 80 

endosome has also been presented as an alternative mode of entry to the TGN (23, 24).  Entry into the 81 

nucleus requires mitosis, after which the L2/DNA complex localizes to the subnuclear domain ND10, 82 

where transcription of the virally-delivered DNA can occur (25, 26). 83 

 In this study, we have evaluated the effect of various classes of IFNs on HPV PsV infection in 84 

vitro.  Although many studies have examined the consequences of various IFNs on overall replication of 85 

a range of viruses, very few reports have examined the effects of IFNs on the early stages of the viral life 86 
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cycle in which the PsV participate.   Our study documents potent inhibition of many, but not all, HPV PsV 87 

by IFN-γ, but not other IFNs. 88 

 89 

MATERIALS AND METHODS 90 

Reagents.  Sources for IFNs are as follows:  Recombinant human interferon gamma (ProSpec cyt-206, 91 

>98% purity); recombinant mouse interferon gamma (ProSpec cyt-358, >95% purity); recombinant 92 

human interferon alpha 2b (ProSpec cyt-205, >98% purity); recombinant human interferon alpha 2a 93 

(ProSpec cyt-204, >97% purity); recombinant human interferon lambda 1 (PeproTech 300-02L, >98% 94 

purity).  Additionally, human leukocyte IFN-α (NR-3078) and human recombinant IFN-β (NR-3085) were 95 

obtained through BEI Resources, NIAID, NIH (purity levels not given).  The inhibitors PF-573228 (S2013, 96 

>99% purity), Ruxolitinib (S1378,  >99% purity), U1026 (S1102,  >99% purity) and CEP-33779 (S2806,  97 

>99% purity) were obtained from Selleck Chemicals.  The inhibitors imidazole-oxindole (C16) (I9785, 98 

>98% purity) and Stattic (S7947, >98% purity) were obtained from Sigma-Aldrich.  Fluorescein-labeled 99 

Ricinus Communis Agglutinin II (ricin) (FL-1091) was purchased from Vector laboratories.  Cholera Toxin 100 

subunit B conjugated to Alexa fluor 488 (C34775) and Alexa fluor 488-conjugated epidermal growth 101 

factor (EGF) (E-13345) were purchased from Invitrogen.    102 

Cell lines.  The human keratinocyte cell line, HaCaT, originally from Norbert Fusenig (27), and the HeLa 103 

and 293TT (11) cell lines were cultured in DMEM media supplemented with 10% fetal bovine serum 104 

(FBS) and penicillin/streptomycin (P/S).  The murine keratinocyte cell line, S1, was a kind gift from Stuart 105 

Yuspa (NCI, NIH) (28).  The epithelial ectocervical cell line, Ect1 E6/E7, was obtained from ATCC (CRL-106 

2614).  Both of these cell lines were also cultivated in DMEM with 10% FBS, P/S.  SK-MEL-2 and SK-MEL-107 

28 are part of the NCI-60 tumor cell line panel and were obtained from the Developmental Therapeutics 108 

Program at the National Cancer Institute, NIH (Frederick, MD).  109 
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Antibodies.  The rabbit polyclonal antisera recognizing HPV16 and HPV45 capsids were previously 110 

described (29, 30), as were the anti-L2 monoclonal antibodies, K1L2 (L2 amino acids 64-81) used for 111 

immunofluorescent detection and K5L2 (56-75) used for Western blot detection, kind gifts from Martin 112 

Müller (DKFZ, Heidelberg) (31).  The anti-LAMP-1 monoclonal antibody (H4A3) developed by August and 113 

Hildreth was obtained from the Developmental Studies Hybridoma Bank developed under the auspices 114 

of NICHD and maintained by the Department of Biological Sciences at the University of Iowa (32).  All 115 

other antibodies were obtained from commercial sources.  Camvir-1 antibody (Abcam) was used to 116 

detect HPV16 L1 on Western blots.  Rabbit anti-giantin was obtained from BioLegend (924302).  Mouse 117 

anti-TFR was purchased from Zymed (13-6800).  Rabbit anti-GAPDH (14C10), rabbit anti ERK1/2 (9102S), 118 

rabbit anti pERK1/2 (9101S), rabbit anti-STAT3 (12640S) and rabbit anti-pSTAT3 (9145S) were from Cell 119 

Signaling Technology.  The antibodies against FAK (610087) and pFAK (611723) were from Becton 120 

Dickinson.   The antibodies recognizing EGFR (sc-03), STAT1 (sc-346), and tyrosine 701-phosphorylated 121 

STAT1 (sc-13648) were all purchased from Santa Cruz Biotechnology, Incorporated. 122 

Pseudovirus production.  PsV preparations were produced according to the improved, standard method 123 

production protocol published on the laboratory website (http://home.ccr.cancer.gov/lco/plasmids.asp) 124 

(33).  Briefly, 293TT cells were transfected with either a bicistronic plasmid encoding the PV L1 and L2 125 

proteins or two plasmids separately encoding the capsid proteins, together with a reporter gene plasmid 126 

encoding GFP (pfwB).  Purity and L1 content were assessed following protein staining of SDS-Page gels 127 

with SimplyBlue SafeStain, a Coomassie G-250 stain, (Invitrogen).  For infection, PsV were used at a 128 

concentration titrated to yield 15-30% GFP positivity.  The ng amount (based on L1 content) needed to 129 

obtain this infectivity varies according to PsV type and is noted after the type.  The plasmids used for the 130 

various types were:  HPV16 (2 ng), p16sheLL; HPV5 (40 ng), p5shell; HPV6 (40 ng), p6sheLL; HPV11 (50 131 

ng), p11L1w and p11L2w; HPV18 (2 ng), p18sheLL; HPV31 (10 ng), p31sheLL; HPV45 (1 ng), p45sheLL; 132 

HPV52 (65 ng), p52sheLL; HPV58 (4 ng), p58sheLL.  For the additional types HPV8 (80 ng), HPV26 (2 ng), 133 
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HPV33 (3 ng), HPV38 (100 ng), HPV39 ( 2 ng), HPV40 (40 ng), HPV59 (5 ng), HPV68 (4 ng) and HPV73 915 134 

ng), we used the corresponding pVITRO bicistronic expression plasmid described by Kwak et al. (34), 135 

kind gifts from Richard Roden (Johns Hopkins University).  For assembly of the hybrid PsV particles, 136 

HPV45/16 (15 ng), HPV18/45 (3 ng) and HPV45/18 (2 ng) the following plasmids were used:  HPV16 L1, 137 

p16L1h; HPV16L2, p16L2h, both generated in our laboratory, and HPV45L1, HPV45L1HD; HPV45L2, 138 

HPV45L2HD; HPV18L1, HPV18L1HD; HPV18L2, HPV18L2HD, which were all kind gifts from Martin Müller 139 

(DKFZ).  Where indicated, PsV were assembled in the presence of 50 μM 5-ethynyl-2’-deoxyuridine 140 

(EdU) supplemented to the growth medium at 6 hours post-transfection as previously described (22).  141 

Assembled particles were released by detergent lysis, matured in the presence of 25 mM ammonium 142 

sulfate and purified by ultracentrifugation through an Optiprep step gradient (33).  For control 143 

experiments, HPV16 PsV packaging pcLucf, which encodes both GFP and firefly luciferase, was produced.  144 

Quantification of luciferase activity was performed with the Britelite plus kit (6066761, Perkin Elmer) 145 

according to the manufacturer’s directions.  146 

Pseudovirus infection.  To assess infection, PsV dilutions were added to HaCaT cells that had been 147 

grown overnight at a plating density of 8 x 103 cells per well in 96 well plates.  The percent of GFP-148 

transduced cells was determined by flow cytometric analysis (BD FACscaliber) after a 48-72 hour 149 

infection period.  Prior to analysis, cells were dislodged with 50 μl 0.25% trypsin.  Following this 150 μl 150 

of FACS buffer (PBS containing 2% FBS and 0.1% sodium azide) was added to each well and cells were 151 

processed on a Becton Dickinson FACS Canto II cytometer equipped with a high throughput plate reader.  152 

Live cells were selectively gated by FSC/SSC considerations.  Addition of IFN was performed 18 hours 153 

prior to initiation of PsV infection unless otherwise noted.  Biochemical inhibitors of potential IFN 154 

activation were added immediately prior to IFN addition.  All flow cytometry experiments were 155 

performed in triplicate and repeated a minimum of three times.   156 

 on M
arch 7, 2017 by U

N
IV

 O
F

 N
E

W
C

A
S

T
LE

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


 8

Immunofluorescent staining.  Cells were seeded onto glass No. 01 coverslips in a 24-well plate at a 157 

density of 8x104/well and cultured overnight.  For evaluation of internalized PsV, 20 ng of PsV were 158 

added to each well and allowed to bind and internalize for 24 hours.  Following this incubation cells 159 

were fixed in ice cold ethanol containing 15 mM glycine and processed for immunofluorescent staining.   160 

Detection of EdU-labeled pseudogenomes was performed with the Click-It 488 Alexa Fluor EdU Imaging 161 

kit (Invitrogen) as previously described (22).  For visualization of other cargo, incubation was performed 162 

for time period indicated in the text.  EGF-488 was used at a concentration of 1 μg/ml, CTXB-488 was 163 

used at 5 μg/ml, ricin-FITC was used at 10 μg/ml.  Following these incubations, the cells were fixed in 2% 164 

paraformaldehyde in PBS for 20 minutes at room temperature.  At which time, the coverslips were 165 

washed in PBS containing 200 mM glycine, and processed for immunofluorescent detection of marker 166 

proteins as previously described (35).  Stained coverslips were mounted by inversion onto DAPI-167 

containing solution (Prolong Gold, Molecular Probes).  All images were acquired with a Zeiss 780 168 

confocal system interfaced with a Zeiss Axiovert 100M microscope.  Images were collated with Adobe 169 

Photoshop software.  The inserts in Figure 2, panels A and B, show surface-rendered images of Z-stack 170 

images that were processed with Imaris software.  Lysosomal diameters were measured with the Imaris 171 

software following surface rendering.  Significance was determined using Welch’s unequal variances t-172 

test.  The colocalization histograms shown in Figure 2, panels C-F, were created by line profile analysis in 173 

the Zen software (Zeiss).  The pixel values were exported to GraphPad Prism 7. 174 

PsV processing.  To examine the intracellular processing of HPV16 PsV, 4x105 HaCaT cells/well were 175 

plated in 6 well plates overnight and then treated with 2 ng/ml IFN-γ prior to incubation with PsV.  900 176 

ng of PsV, based on L1 protein amount, was added per well and incubated for the indicated time.  177 

Following this cells were removed with 0.25% trypsin, washed twice with PBS and lysed in 178 

immunoprecipitation (IP) buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 50 mM NaF, 0.5% NP-40 and 179 

0.1% SDS containing Complete protease inhibitor cocktail (Roche)) for 20 minutes on ice.  Cellular debris 180 
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was removed by centrifugation.  Clarified lysates were incubated with rabbit anti-HPV16 L1 VLP 181 

antiserum and protein A/G sepharose (Pierce) overnight in the cold with rocking.  Immunoprecipitated 182 

complexes were collected by centrifugation and washed 4 times in IP buffer.  The remaining complexes 183 

were boiled in SDS-PAGE sample buffer and resolved on a 4-12% NuPage gel (Invitrogen) and transferred 184 

to an Immobilon membrane (Millipore).  HPV16 L1 was detected with the Camvir1 antibody.  For 185 

determination of L1-associated L2 protein, the above procedure was followed.  If indicated, the addition 186 

of NH4Cl was coincident with the addition of PsV to a final concentration of 20 mM.  L2 was detected by 187 

Western blot analysis with the K5L2 (56-75) antibody.   188 

EGFR processing.  To evaluate the cellular processing of EGFR, 4x105 cells HaCaT cells, plated in 12 well 189 

plates were either untreated or IFN-γ treated (2 ng/ml) overnight. Cells were then incubated with 10 190 

mg/ml cyclohexamide for 30 minutes prior to addition of 100 ng of EGF and incubated for the indicated 191 

times.  Cells were lysed directly in SDS-PAGE sample buffer (500 μl) and boiled, 35 μl was loaded on a 4-192 

12% NuPage gel for Western blot analysis. 193 

Cell activation.  The ability of IFN-γ to activate the phosphorylation of STAT1 was determined by 194 

Western blot analysis.  4x105 cells/well were plated in a six well plate and cultured overnight.  The cells 195 

were either left untreated or treated with 100 ng/ml of the indicated IFN for 60 minutes.  Cells were 196 

lysed directly in SDS-PAGE sample buffer (500 μl) and boiled, 35 μl was loaded on a 4-12% NuPage gel 197 

for Western blot analysis.  All inhibitors were confirmed to be efficacious in HaCaT cells by evaluation of 198 

the phosphorylation status of an appropriate protein as detailed in the figure legends.  For evaluating 199 

the activity of Stattic, IL6 (20 ng/ml) was added to the cells 15 minutes following the addition of Stattic.   200 

 201 

  202 
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RESULTS 203 

IFN-γ efficiently prevents HPV16 PsV infection  204 

We utilized HPV16 pseudovirus (PsV) infection to assess possible anti-viral effects of various 205 

exogenous IFNs on the early stages of HPV infection.  These experiments were performed in HaCaT cells, 206 

a spontaneously transformed human keratinocyte cell line that is often utilized for PV entry analyses.  207 

Treatment of cells with 10 ng/ml IFN-γ resulted in a dramatic decrease in HPV16 PsV infection, as 208 

measured by expression of the GFP-encoding expression plasmid packaged by the PsV (Figure 1A).  209 

Unexpectedly, treatment with 5 other IFN types, at the same concentration, did not affect PsV infection.  210 

These negative results included several repeat experiments in which treatment with IFN-α and IFN-β, 211 

the IFN types reported previously to inhibit HPV16 PsV infection (6) were tested.  For these experiments, 212 

we used the same IFN source, cell line, and treatment time as in the earlier publication. 213 

We next evaluated the dose dependence of IFN-γ on the inhibition of HPV16 PsV infection, by 214 

performing a titration of the concentration of IFN-γ from 10 ng/ml to 3.2 pg/ml (Figure 1B).  Infection 215 

was inhibited even at low levels of exogenous IFN-γ, with substantial effects evident with a dose as low 216 

as 0.08 ng/ml.   Comparable levels can be present in the local environment during the course of a 217 

microbial infection as occurs following herpes simplex type 2 infection of the vaginal tract (36)(37)(38).    218 

 IFN-γ exerts its effect on cells by engagement of its receptor, IFNGR, which typically activates 219 

the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) intracellular signal 220 

transduction pathway, resulting in the transcriptional activation of IFN-γ-inducible genes (reviewed in 221 

(39)).  Inhibitors of this canonical signaling pathway include a pan-JAK inhibitor, Ruxolitinib, and a JAK2-222 

specific inhibitor, CEP-33779.  In addition, IFN-γ may activate JAK-independent pathways.  For example, 223 

in response to IFN-γ, there may be activation of the signal transduction cascade that includes the 224 

Mitogen-activated protein kinase kinase 1 (MEKK1), the Mitogen-activated protein kinase kinase 1 225 

(MEK1), and the extracellular signal-regulated kinases 1 and 2 (ERK1/2), which regulate the 226 
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CCAAT/enhancer binding protein beta (C/EBP-beta) and C/EBP-beta-driven expression (40, 41).  It has 227 

also been shown that IFN-γ can trigger the phosphorylation of MEKK4 through activation of Pyk2 (FAK2) 228 

in HaCaT cells (42). To determine which IFN-γ-induced pathway was responsible for the observed 229 

reduction of HPV16 PsV infection, we treated HaCaT cells with inhibitors of these pathways prior to IFN-230 

γ addition and evaluated the subsequent effect on HPV16 PsV infection (Figure 1C).  For this experiment, 231 

we used a lower concentration of IFN-γ (0.2 ng/ml), which, because it inhibited infection less completely 232 

than the higher concentration, made it possible to identify either an increase in infection, indicating that 233 

the inhibitor blocked the IFN-γ pathway of interest, or a further reduction of infection, indicating the 234 

inhibitor cooperated with the effects IFN-γ.  None of the inhibitors had a dramatic effect on HPV16 PsV 235 

infection in the absence of IFN-γ treatment, implying that under our normal growth conditions, PsV 236 

infection does not utilize the pathways affected by the inhibitors (solid bars).  In the presence of IFN-γ 237 

(lined bars), none of the inhibitors augmented the anti-PsV activity of IFN-γ.  However, the two JAK 238 

inhibitors (Ruxolitinib, two concentrations shown, and CEP-33779) largely reversed the negative effect 239 

of IFN-γ on PsV infection.  These results indicate that the ability of IFN-γ to inhibit PsV infection depends 240 

on the canonical JAK2/STAT1 pathway.  By contrast, there was no effect on the IFN-γ-induced phenotype 241 

when MEK1/2 was inhibited with U1026, FAK was inhibited with PF-573228, or STAT3 was inhibited by 242 

Stattic, indicating that these pathways are not critical mediators of the reduction in PsV infection 243 

induced by IFN-γ.  The efficacy of these inhibitors in HaCaT cells at the chosen concentrations was 244 

confirmed (Figure 1, panel E).  The phosphorylation of FAK was incompletely blocked by PF-573228, 245 

however we expect that this level of reduction would have been sufficient to be reflected in a functional 246 

decrease (Figure 1, panel C). 247 

To determine the stage of PsV infection that was the target of the observed antiviral effect, we 248 

added IFN-γ to the HaCaT cells at different time points prior to or after HPV16 PsV addition (Figure 1D).  249 

We found that we could still prevent almost 80% of PsV infection when we delayed addition of IFN-γ 250 
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until 3 hours post-pseudovirus addition.  HPV exhibits a slow asynchronous entry with a half time of 4-11 251 

hours.  Thus, the inhibition kinetics led us to examine whether IFN-γ treatment affected the endocytic 252 

entry of the pseudovirus. 253 

IFN-γ affects endocytic trafficking of HPV16 PsV 254 

 To evaluate the possibility that IFN-γ treatment affects HPV16 entry in HaCaT cells, we 255 

compared the localization of internalized HPV16 PsV at 24 hours post-infection in untreated cells with 256 

those that were treated with IFN-γ, starting 18 hours prior to infection.  Consistent with previous 257 

studies, HPV16 L1 was localized in LE/lysosomes in the absence of IFN-γ (Figure 2A), and this pattern was 258 

even more pronounced in the IFN-γ-treated cells (Figure 2B).  IFN-γ treatment seemed to cause an 259 

increase in the size of the LAMP-1-staining compartment in addition to the increased retention of PsV 260 

capsids within this compartment.  To examine this, we measured the diameter of 50 LE/lysosomes for 261 

each condition.  The range for untreated cells was 0.712 μm to 1.34 μm, with an average of 1.012 +/- 262 

0.0201 μm.  For IFN-γ treated cells the diameter range was 0.933 μm to 3.22 μm, with an average of 263 

1.366 μm +/- 0.0579 (p value <0.0001).  This increased size can also be appreciated in the inserted 264 

panels shown in Figure 2A and 2B which shows the localization of HPV16 within the LAMP-1 265 

compartment in both instances.  We also examined the trafficking of the encapsidated pseudogenome, 266 

using HPV16 PsV particles that had packaged an EdU-containing plasmid, which can localize the PV 267 

pseudogenome during entry.  At the 24 hour post-infection time point in untreated cells, most of the 268 

genome had typically left the endosomal system.  The residual vesicular genome colocalizes with L1 269 

(Figure 2C).  In contrast, the IFN-γ-treated cells demonstrated both increased retention of the genome 270 

with L1, as well as stronger staining overall, probably indicating a decreased loss of genome during 271 

capsid processing (Figure 2D).  The inset panels in Figure 2C and 2D show a region shown at higher 272 

magnification and the corresponding line profile at the bottom of the two panels verifies the 273 
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colocalization of the vesicular genome with L1 in both instances and the increased signal intensity in the 274 

IFN-γ-treated condition. 275 

 The subcellular distribution of L2 ordinarily mirrors that of the pseudoviral DNA, as both of these 276 

PsV components traffic together through the endosomes and TGN en route to ND10 (25).  In untreated 277 

cells, these components were colocalized and distributed among the endosomes, the TGN and ND10 at 278 

the 24 hour time point, as previously described (Figure 2E) (22).  By contrast, although L2 and the 279 

pseudogenome were also colocalized in the IFN-γ-treated cells, there was no nuclear staining or Golgi-280 

like pattern (Figure 2F), all of the signal was apparently vesicular as also demonstrated by the staining 281 

shown in panels 2B and 2D.  The inserts in 2E and 2F contain a magnified region and the corresponding 282 

line profile confirms an increased signal intensity following IFN-γ treatment.  We also examined the 283 

delivery of L2 to the Golgi complex.  We have previously shown that L2 localizes to the TGN, adjacent to 284 

the medial Golgi marker protein giantin, during infectious entry (22).  This localization was readily seen 285 

in the untreated cells (Figure 2G).  In contrast, in the IFN-γ-treated cells, the distribution of L2 was 286 

clearly distinct from the Golgi complex (Figure 2H).  The inserted boxes show the single channel signals 287 

for the indicated region.  To further demonstrate the deficiency in L2 delivery to the Golgi, we quantified 288 

the percentage of L2-positive cells that showed Golgi localization (100 L2+ cells were examined for each 289 

condition).  We found that only 13% of the IFN-γ treated cells, compared to 64% of the control cells, had 290 

Golgi-localized L2.  In sum, the microscopic analysis indicated that IFN-γ treatment caused the retention 291 

of L2 and packaged DNA in the LE/lysosomal compartment, where they continued to be colocalized with 292 

L1. 293 

IFN-γ treatment affects vesicular processing of HPV16 capsids but does not globally affect endocytic 294 

trafficking 295 
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 The proteolytic processing of HPV16 capsids during cell entry, as recently analyzed in detail by 296 

Cerqueira et al., results in distinct L1 cleavage products that are generated through protease cleavage 297 

during endosomal trafficking (43).  To determine if IFN-γ activation altered this process, we added 298 

HPV16 PsV to untreated or IFN-γ-treated cells and examined L1 degradation during the initial 48 hours 299 

of infection.  We obtained similar results whether the L1 cleavage products were analyzed directly by 300 

Western blot or immunoprecipitated with an anti-L1 polyclonal antiserum and then detected by 301 

Western blotting with an anti-L1 monoclonal antibody.  We focused on the 302 

immunoprecipitation/Western procedure (Figure 3A), as this technique eliminates detection of the 303 

multiple reactive cellular proteins in HaCaT cells that, as described by Cerqueira et al., can interfere with 304 

analysis of the processed capsids by direct Western blotting (43).  However, the heavy and light antibody 305 

chains (labeled H and L, respectively) from the immunoprecipitation step are visible in all samples, 306 

including the cell-only control.  In untreated cells, as previously reported, a ladder of lower than full-307 

length L1-derived products, migrating between approximately 23 kDa and 45 kDa, was seen at the 6 308 

hour time point, and these products were resolved at the 24 and 48 hour time points with the 309 

coincident appearance of a lower product of approximately 15 kDa.  In the IFN-γ-treated cells, however, 310 

the processing was less extensive.  The ~23 kDa doublet in the IFN-γ-treated cells was less prominent at 311 

6 hours than in the untreated control at this time point, but the intensity of the doublet was increased 312 

at 24 and 48 hours, making it similar to that of the untreated control at 6 hours and more intense than 313 

the untreated control at the later time points.  Furthermore, there was no decrease over time in the 314 

slower migrating degradation products, and only a trace of the ~15 kDa product was seen.  These results 315 

indicate that the endocytic processing of HPV16 pseudovirions is impaired following IFN-γ treatment.  It 316 

should also be noted that this pattern does not resemble those observed previously with a panel of 317 

protease inhibitors, nor does it resemble the pattern obtained following endosomal acidification 318 
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inhibition, in which generation of most of the L1 cleavage products required acidification, as the 319 

appearance of the lower bands was prevented by either NH4Cl or bafilomycin A treatment (43).  320 

 Given this L1 processing defect, we evaluated whether it might indicate a reduction in the 321 

efficiency of the separation of L2 from the capsid which occurs prior to L2’s egress from the LE/lysosome 322 

(22, 44).  Therefore, we determined the amount of L1-associated L2 at 24 hours post-infection in cells 323 

that were untreated or IFN-γ-treated, using immunoprecipitation of samples with an anti-L1 polyclonal 324 

antiserum, followed by Western blotting for the detection of L1 and L2 proteins (Figure 3B).  As 325 

expected, HPV16 infection of untreated cells (lane 4), resulted in some full length L1 (upper panel) with 326 

little associated L2 (lower panel), although there was ample capsid-associated L2 in the input capsids 327 

(lane 2).  As the L1-L2 dissociation occurs in a pH-dependent manner, the acidification inhibitor NH4Cl 328 

was included as a positive control for L2 retention (lane 5).  When the cells were treated with IFN-γ (lane 329 

6), there was an increase in the amount of L2 that remained associated with L1 (compare with lane 4), 330 

although it was less than seen with NH4Cl treatment (compare with lane 5).  Collectively, the data 331 

indicate that HPV16 PsV processing/uncoating is incomplete in IFN-γ-treated HaCaT cells.  The result 332 

does not phenotypically resemble that described for either protease inhibition or acidification inhibition.   333 

 There is substantial evidence that IFN-γ plays diverse roles during modulation of endocytic 334 

pathways (45) and results in the formation of enlarged endosomes in macrophages (46).  Specific 335 

endocytic-associated proteins induced by IFN-γ that we deemed to be potential effectors included GILT 336 

and Rab20.  Rab20, functions in the maturation of phagocytic organelles, its expression was shown to be 337 

induced by IFN-γ- in macrophages (47) and its overexpression induced the enlargement of the early 338 

endosomal and LE compartments (48).  However, in HaCaT cells, we did not observe an increase in 339 

Rab20 expression following IFN-γ treatment (data not shown).  GILT was a second appealing effector 340 

candidate; it is a IFN-γ-inducible thiol reductase that catalyzes the disulfide bond reduction of proteins, 341 

facilitating their further processing through cellular proteases (49, 50).  As PV capsids are heavily 342 
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disulfide bonded, reductive processes could be involved in intracellular uncoating.  GILT is present in 343 

primary keratinocytes (51), but we found only low levels in HaCaT cells and no induction with IFN-γ (data 344 

not shown), although control cells, melanoma cell lines SK-MEL-2 and SK-MEL-28, showed strong 345 

induction, as expected (52).  The increased expression of GILT in the melanoma cells did not correlate 346 

with a decrease in HPV16 PsV infection; infection of SK-MEL-28 was actually substantially increased 347 

following IFN-γ-treatment, whereas infection of SK-MEL-2 was decreased (data not shown).  We 348 

conclude that neither Rab20 nor GILT are effectors of the IFN-γ-induced depression of HPV16 PsV 349 

infection. 350 

We also determined if the effects observed for HPV16 capsid trafficking reflected a global 351 

cellular perturbation in endocytic trafficking induced by IFN-γ activation.  To address this issue, we 352 

evaluated the entry of a cellular protein, transferrin receptor (TFR) and exogenous cargos with defined 353 

trafficking routes.  TFR is internalized from the plasma membrane into the early endosome with the 354 

majority recycling to the plasma membrane and a subset continuing into lysosomes, where it is 355 

degraded (53, 54).  We examined the TFR distribution following overnight treatment with IFN-γ and 356 

compared the steady state receptor distribution with untreated cells (Figure 4, panels A and B).  IFN-γ 357 

treatment did not induce a distinctive difference in the distribution of TFR, although its staining intensity 358 

was clearly increased, probably indicating a minor kinetic perturbation.  We also tracked the 359 

internalization of the cargo protein, epidermal growth factor (EGF), which in association with its 360 

receptor (EGFR), traffics from the plasma membrane to the late endosomal compartment via early 361 

endosomes.  EGF is degraded following internalization, whereas EGFR can be either recycled back to the 362 

cell surface or degraded in lysosomes (55-57).  We first examined the colocalization of EGF with the 363 

early endosomal marker, EEA1, at both 30 minutes and 120 minutes following the addition of Alexa 488 364 

coupled-EGF in the presence or absence of overnight treatment with IFN-γ prior to cargo addition 365 

(Figure 4C-F).  Unsurprisingly, partial colocalization of EGF with EEA1 was evident in the untreated cells 366 
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at 30 minutes (Figure 4C).  At this early time point in the IFN-γ-treated cells, this colocalization was not 367 

prevented, and was possibly slightly enhanced (Figure 4D).  A more distinct difference was observed at 368 

the later time point.  In the untreated cells (Figure 4E), EGF was no longer localized to early endosomes, 369 

and the fluorescent signal was reduced, presumably due to degradation.  The IFN-γ-treated cells also 370 

demonstrated a passage of EGF out of the early endosomes (Figure 4F), however, the intensity of the 371 

EGF staining was not greatly reduced compared to the earlier time point.  These results indicate that 372 

EGF trafficking through the late endosomal compartment or lysosomal degradation may be affected by 373 

IFN-γ treatment of HaCaT cells.  We also evaluated the impact of IFN-γ treatment on the degradation of 374 

EGFR following addition of EGF (Figure 3C).  However, the appearance of lower molecular weight forms 375 

of EGFR, indicating receptor processing, was similar in the presence or absence of IFN-γ, although a 376 

possible slight delay in degradation following IFN-γ treatment may be seen in the 2 hour time point, as 377 

indicated by the less intense lower band (Figure 3C, arrow).  Thus, IFN-γ does not cause a dramatic 378 

change in EGFR processing in HaCaT cells. 379 

 We examined two cargo proteins, cholera toxin B (CTXB) and ricin, that have been reported to 380 

utilize the retromer complex to access to the trans Golgi network (TGN) from early endosomes (58-60).  381 

The localization of Alexa 488 coupled-cholera toxin B (CTXB-488) was evaluated in cells that were 382 

treated overnight with IFN-γ or untreated.  CTXB-488 was allowed to internalize for 30 minutes to allow 383 

substantial time to traffic into the TGN.  It was clear that the IFN-γ treatment had no effect on the ability 384 

of CTXB to enter the Golgi, as indicated by colocalization with giantin (compare Figure 4G [untreated] 385 

and 4H [IFN-γ-treated]).  Likewise, we evaluated the trafficking of Alexa 488-coupled ricin under these 386 

conditions.  There was also no effect on Golgi localization of ricin following a 30 minute incubation 387 

(compare Figure 4I [untreated] and Figure 4J [IFN-γ-treated]).  Thus, in HaCaT cells, retromer-dependent 388 

trafficking from the early endosome to the Golgi is not disrupted by IFN-γ treatment.   389 

 390 
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Sensitivity of other cell lines. 391 

 All of the above analyses, except for the GILT control experiments with the melanoma cell lines, 392 

were performed in HaCaT cells, a normal human skin-derived keratinocyte cell line.  Therefore, we 393 

determined if the observed effect could be observed in additional cell lines relevant for HPV studies 394 

(Figure 5, panel A).  HPV16 PsV infection of the 293TT cell line, which is an adenovirus transformed 395 

human cell line used for HPV PsV propagation but is not considered a good system in which to study HPV 396 

entry, was completely insensitive to IFN-γ treatment.  HPV16 PsV infection of HeLa cells, which are 397 

derived from an HPV18-positive cervical adenocarcinoma, showed an intermediate sensitivity to IFN-γ 398 

treatment, with a maximum inhibition of less than 70%.  Ect1 E6/E7, a cell line derived from normal 399 

human ectocervical epithelium that had been immortalized by expression of HPV16 E6/E7, showed 400 

complete inhibition of HPV16 PsV infection following IFN-γ treatment.  However, this line was less 401 

sensitive than HaCaT cells, with the inhibition dropping off sharply in Ect1 E6/E7 at progressively lower 402 

concentrations than 2 ng/ml, in contrast to HaCaT.  We also examined the sensitivity of HPV16 PsV 403 

infection of a murine keratinocyte cell line, S1, to murine IFN-γ treatment.  This cell line demonstrated 404 

low sensitivity to the treatment, with a maximum inhibition of 40%.  We verified that all of these cell 405 

lines could respond to IFN-γ by confirming the appearance of the phosphorylated form of STAT1 in 406 

response to IFN-γ treatment (Figure 5, panel B, lower part).  The upper portion of this panel shows the 407 

detection of endogenous STAT1.  Therefore, all cell lines were clearly responsive to IFN-γ, despite the 408 

observed differences of this treatment on HPV16 PsV infection.  Importantly, it is clear that the IFN-409 

γ phenotype is not confined to the HaCaT cell line.  410 

 411 

HPV genera are differentially affected by IFN-γ treatment. 412 

 To see if the IFN-γ sensitivity of HPV16 PsV extended to other HPV types, we compared the 413 

infection of HaCaT cells, either untreated or treated overnight with IFN-γ, by seventeen additional HPV 414 
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PsV types, including alpha and beta genera members.  HPV16 is a genus alpha, species 9 member, and 415 

we analyzed four additional species alpha-9 members; HPV31, HPV33, HPV52 and HPV58 (Figure 6, 416 

panel A).  Infection with three of the alpha-9 members was strongly inhibited by IFN-γ treatment 417 

(HPV31, HPV52, and HPV58), but HPV33 showed only an intermediate sensitivity, with approximately 418 

50% maximum inhibition.  The alpha-8, HPV40, and alpha-11, HPV73, representatives also showed 419 

strong inhibition of infection (Figure 6, panel B), whereas two alpha-10 members, HPV6 and HPV11, 420 

were only weakly inhibited.  We examined five members of the alpha-7 species; HPV18, HPV39, HPV59, 421 

HPV45 and HPV68 (Figure 6, panel C), and observed approximately 80% inhibition of HPV18 infection, 422 

but the other species members were not strongly affected by IFN-γ treatment.  HPV39 and HPV45 were 423 

particularly insensitive.  Additionally, an alpha-5 representative, HPV26, was poorly inhibited.  We also 424 

determined the inhibition profile of three genus beta members: species beta-1 members HPV5 and 425 

HPV8, and the beta-2 type HPV38.  Infection of all three types was strongly inhibited by IFN-γ treatment 426 

(Figure 6, panel D).  We also examined the sensitivity of three animal PV types: BPV1, CRPV and MusPV1.  427 

Infection of BPV1 and CRPV was strongly inhibited (more than 80% inhibition), whereas inhibition of 428 

MusPV1 was intermediate (approximately 40% maximum inhibition) (data not shown).  Thus, the 429 

sensitivity to IFN-γ is not limited to HPV16, to alpha-9 species members, nor to human PV types.  430 

However, the relative insensitivity of four of the five tested alpha-7 types is especially intriguing.  This 431 

data also reinforces the conclusion that IFN-γ treatment does not globally inhibit endosomal trafficking 432 

in HaCaT cells, as such an effect would have been predicted to affect all PV types equally as no studies 433 

have proven the utilization of distinct entry pathways for different HPV types (34, 61, 62).   434 

 435 

IFN-γ sensitivity correlates with L2 type. 436 

 Given the heterogeneity of the various HPV types to inhibition by IFN-γ treatment, we reasoned 437 

that it might be possible to determine whether the sensitivity of a given HPV type was attributable to its 438 
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L1 or L2 protein, through the analysis of hybrid L1/L2 infectious PsV whose capsid proteins were derived 439 

from HPV types that differ in their sensitivity to IFN-γ.  It is known that, for some PV types, it is possible 440 

to exchange the two capsid proteins between two different types and obtain intact, assembled particles.  441 

For instance, HPV11 L1 was found to form complexes with L2 proteins from a variety of other HPV types, 442 

including non-alpha-10 types and even with the animal type, COPV1 (63).  We found that infectious PsV 443 

can be produced from some, but not all, capsid protein combinations (unpublished data and Figure 7A).  444 

To determine if the disparate IFN-γ effects observed for the various HPV types could be attributed to 445 

either of the individual capsid proteins, we produced infectious hybrid particles between HPV45 L1 as 446 

the type insensitive to IFN-γ treatment, and HPV16 L2 as the sensitive type (termed HPV45/16).  The 447 

inverse combination (HPV16/45) did not produce infectious particles, although co-assembly was robust 448 

(data not shown).  HPV 45/16 PsV infection was inhibited by IFN-γ treatment whereas the IFN-γ 449 

responses of HPV16 L1/L2 and HPV45 L1/L2 were, respectively, sensitive and insensitive, as expected 450 

(Figure 7A).  As the IFN-γ−sensitive capsid protein in the hybrid PsV was derived from HPV16 L2, this 451 

result suggests that the L2 protein determines the IFN-γ sensitivity phenotype of the HPV.  Given that 452 

HPV 16/45 PsV did not result in infectious particles, we produced hybrid PsV from a different 453 

combination of PV capsid proteins to test the hypothesis that IFN-γ sensitivity maps to the L2 protein.  454 

Hybrid particles from HPV45 and HPV18, two alpha-7 types that displayed opposite phenotypes in 455 

response to treatment, were assembled.  Fortuitously, in this instance both hybrid combinations 456 

resulted in infectious PsV.  The results with these hybrids confirmed that L2 mediates the sensitivity to 457 

IFN-γ, as the HPV 45/18 hybrid, whose L2 is from the IFN-γ-sensitive HPV18, was inhibited by IFN-γ, while 458 

the HPV 18/45 hybrid, whose L2 is from the IFN-γ-insensitive HPV45, was resistant to IFN-γ (Figure 7B).   459 

 Different HPV PsV types can have different L1/L2 ratios and also exhibit various particle to 460 

infectivity ratios, and the two can only be partially correlated (34).  To confirm that the differential 461 

effects of IFN-γ that we observed were not attributable to a trivial explanation, such as the level of L2 462 
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incorporation or purity of particle preparation, all PsV were analyzed by SDS-PAGE electrophoresis and 463 

Coomassie G-250 staining (Figure 7C).  Although there was a range of incorporated L2 levels among 464 

these preparations, with L2 being undetectable in some instances, there was no obvious correlation 465 

with either L2 incorporation or PsV purity and IFN-γ sensitivity.   As an example, an L2 band is clearly 466 

evident for HPV26, HPV39, HPV59 and HPV68, all IFN-γ insensitive types.  L2 is equally obvious for HPV5, 467 

HPV8, HPV38, HPV40, HPV52 and HPV73, IFN-γ sensitive types. 468 

 469 

DISCUSSION 470 

The IFN family plays a pivotal role in the control of many viral infections and in shaping the 471 

subsequent adaptive immune response.  Their actions are mediated through signaling pathways 472 

triggered by the engagement of receptors that activate the expression of IFN-stimulated genes (ISGs).  473 

Each IFN induces a distinct ISG profile that includes both shared and unique members (64, 65).  These 474 

ISG proteins can exert, among numerous other activities, antiviral actions that can target vulnerabilities 475 

at all the stages of the viral life cycle, including entry, transcription, translation, genome replication, 476 

assembly, and egress (reviewed in (66)), although the described effects of most reports have concluded 477 

that the inhibition is largely at the level of viral transcription and translation, including studies on the 478 

structurally-related polyomaviruses (67, 68).  The identified effector molecules in these studies include 479 

RNA-dependent protein kinase (PKR), adenosine deaminase (ADAR), guanylate-binding proteins (GBP1 480 

and GBP2), and nitric oxide synthetase (NOS), although in other instances the observed effects are 481 

unascribed (69-75). 482 

 We initiated this study to evaluate the entry step at which type I IFNs, both IFN-α and IFN-β, 483 

inhibited HPV16 PsV infection of HaCaT cells, which had been described by Warren et al (6).  However, 484 

we were unable to observe an effect of type I IFN on HPV16 PsV infection, despite repeated attempts 485 

with reagents from various sources, including the same source, treatment time, and concentration 486 
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utilized in the previous study.  The only clear distinction between the protocols is that we utilized a GFP 487 

reporter system which allows determination of the number of infected cells, after gating on only living 488 

cells, whereas the previous study used a luciferase reporter.  In that assay system, the luciferase signal is 489 

obtained from the lysate of the entire cell population which would include cells adversely affected by 490 

the treatment.  This difference could explain the disparate results.   Indeed, when we performed an 491 

inhibition assay using HPV16 PsV containing a dual luciferase/GFP reporter plasmid, we observed 492 

inhibition in the luciferase assay, comparable to that previously reported, but not in the GFP flow 493 

cytometric assay (unpublished data).   494 

 Given that we have evaluated PsV, our results to do not address the possibility that type I IFNs 495 

might influence later aspects of the viral life cycle, as would be predicted from the observation that the 496 

viral oncoproteins actively inhibit IFN-mediated cellular responses (76-79) and numerous studies have 497 

demonstrated the efficacy of type I interferon in the clearance of episomal HPV genomes (80, 81).   498 

 In contrast to type I IFNs, we observed a dramatic abrogation of HPV16 PsV infection following 499 

IFN-γ treatment, which had not been examined previously.  This inhibition was mediated through the 500 

canonical JAK/STAT pathway although type I IFN treatment can also induce this pathway in HaCaT cells 501 

((82) and data not shown) therefore, the critical induction downstream of this activation is not shared 502 

between these treatments.  Interestingly, the inhibition of infection occurred at the level of virus entry 503 

and trafficking, prior to nuclear delivery of the viral genome.  Based on our microscopic and biochemical 504 

analysis, endosomal capsid processing was affected, proteolytic digestion of L1 was incomplete and L2 505 

was not resolved from the capsid complex as typically occurs during PV uncoating.  This processing block 506 

did not mimic that observed following neutralization of the endosomes or inhibition of essential 507 

proteases as previously reported (43). 508 

A parallel IFN-γ effect was reported for influenza A, where it was found that the incoming viral 509 

particles were sequestered in an expanded LE compartment and viral fusion was prevented.  However, 510 
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this effect was attributable to induction of IFITM3 (83), which has been convincingly demonstrated to 511 

have no effect on HPV16 PsV infection (6), therefore this mechanism is unlikely to be mediating the 512 

effects described here.  Other IFN-γ-induced effector molecules that are known to affect the endosomal 513 

compartment include Rab20 and GILT (47-50) but our analyses lead us to conclude that neither protein 514 

makes a major contribution to the inhibition of HPV16 PsV infection.   515 

 Although the normal endosomal processing of HPV16 capsids was prevented in the IFN-γ treated 516 

cells, we demonstrated by both biochemical and microscopic methods that vesicular processing was not 517 

globally affected.  Therefore, it is unlikely that our observations reflect a general inhibition of endosomal 518 

degradation or severe cellular perturbation.  Further supporting this conclusion are the data that some 519 

HPV types were impervious to IFN-γ activation and distinct entry pathway usage for various PVs has not 520 

been demonstrated (61, 62).  No HPV PsV types have been described to be resistant to either furin 521 

inhibition or gamma secretase inhibition, which reflect both extracellular and intracellular processing 522 

requirements, although differences in cell surface interactions have been described (13, 16, 34).  The 523 

effect of IFN-γ treatment on the endosomal pH and protein processing has been well documented in 524 

macrophages.  These studies have concluded that IFN-γ treatment does not result in less efficient 525 

acidification or change the proteolytic activity of the lysosomal/phagosomal compartments (84-86).  526 

However, as these studies were all performed in macrophages, we could not assume that IFN-γ 527 

activation of HaCaT cells did not affect endosomal pH.  It has been well established that PVs require 528 

passage through the low pH environment of the LE for infection (13).  However, as we observed 529 

differences among HPV types in their sensitivity to IFN-γ, we wanted to ensure that this heterogeneity 530 

was not associated with subtle differences in pH dependence.  We performed a titration of both 531 

bafilomycin A and NH4Cl, which indicated that all members of a panel of sensitive and resistant types 532 

were equally sensitive to the pharmacologically-induced higher pH (data not shown).    533 
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 One of the interesting facets of our study is the observation that PsV inhibition is mediated 534 

through the L2 protein.  As previously mentioned, L2 segregates with the viral DNA from L1 during 535 

endocytosis.  This segregation is pH dependent and is mediated, at least in part, by the action of 536 

cyclophilins (44).  Our biochemical and fluorescent analyses indicate that IFN-γ treatment prevents this 537 

dissociation event.  To evaluate if IFN-γ interferes with the action of cyclophilins, we assessed the 538 

susceptibility of a panel of PsV, including those most sensitive and most insensitive to IFN-γ, to 539 

cyclosporine A (CSA), a cyclophilin inhibitor.   We found no correlation between these profiles, as a 540 

specific example, HPV45, a type relatively impervious to IFN-γ, was inhibited with CSA to the same 541 

extent as HPV16 (data not shown).   542 

 As shown, some genera seem to be resistant to treatment.  The sensitivity phenotype is roughly 543 

correlative with genotype but there are notable exceptions, e.g. HPV18 is the sole sensitive alpha 7 544 

member.  This observation indicates that aspects of the uncoating process, at the level of L2/genome 545 

dissociation from L1, must differ across the HPV lineage or at least among HPV types.  Type-specific 546 

differences in uncoating have not been previously described.  Identification of the critical ISG or 547 

interferon regulated gene (IRG), as the observed effect could also be due to downregulation of an 548 

essential protein, will be instrumental in understanding this aspect of HPV intracellular trafficking.  This 549 

information could explain why some HPV types are resistant and possibly indicate how the various types 550 

differ in the critical step of L2/DNA segregation from the endocytosed capsid. 551 

 552 
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FIGURE LEGENDS 558 

Figure 1.  HPV16 PsV infection of HaCaT cells is sensitive to type II IFN treatment.  (A) HaCaT cells were 559 

treated with 10 ng/ml of various types of IFN for 18 hours prior to infection with an HPV16 PsV that 560 

contained a packaged GFP expression plasmid.  GFP expression was determined by flow cytometric 561 

analysis at 72 hours post-infection.  The percent of infection in untreated cells was set to 100%.  The 562 

percent of infection in the treated samples was normalized to that value.  Triplicate infections were 563 

analyzed for all experiments.  (B) The amount of IFN-γ necessary to decrease HPV16 PsV infection was 564 

determined by titration.  The noted amount of IFN-γ was added to cells 18 hours prior to 565 

commencement of infection.  Inhibition data was normalized to untreated, infected cells.  (C) Inhibitors 566 

were added immediately prior to IFN-γ addition (0.2 ng/ml) or analyzed in the absence of activation.  567 

The unlined bars indicate the infection with the inhibitor only and the lined bars in the same color shade 568 

indicate the data with IFN-γ activation.  The data are normalized to the infection levels in HPV16 PsV 569 

untreated, infected cells.  The inhibitors were used at the following concentrations:  PF-573228, 100 nM; 570 

Ruxolitinib 1, 1 μM and 100 nM, Ruxolitinib 2; U1026, 100 nM; CEP-33779, 20 nM; C16, 1 μM, Stattic 1 571 

μM.  As noted in the text, only treatment with Ruxolitinib and CEP-33779 repressed the IFN-γ effect on 572 

HPV16 PsV infection.  (D) 5 ng/ml of IFN-γ was added at different times pre- or post-infection with 573 

HPV16 PsV, as indicated and infection data normalized to untreated, infected cells.  (E)  The efficacy of 574 

the inhibitors at the concentrations utilized for panel C were evaluated by examination of the 575 

phosphorylation status of the target protein as indicated.  To induce STAT3 phosphorylation cells were 576 

treated with 20 ng of IL6 for 15 minutes following addition of Stattic.  Both concentrations of Ruxolitinib 577 

shown in panel C and were evaluated for their ability to block STAT1 phosphorylation.  A lower 578 

concentration (10 nM) was found to be inefficient. 579 

 580 
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Figure 2.  Viral components do not exit the LE in IFN-γ-treated cells.  The localization of HPV16 PsV 581 

components were compared in untreated HaCaT cells and IFN-γ-treated cells at 24 hours post-infection.  582 

IFN-γ-treated cells were treated for 18 hours prior to virus addition.  In all instances, the IFN-γ-treated 583 

condition is shown in the second panel of the pair.  Panels A and B show the staining of HPV16 L1 in the 584 

green channel and the lysosomal protein LAMP-1 in the red channel.  Note the increased staining 585 

intensity and colocalization in the IFN-γ-treated cells (panel B).  The inset in each of these panels shows a 586 

surface rendered image of a Z-stack series of each condition.  Panels C and D show the localization of the 587 

delivered PsV genome in the green channel and L1 protein in the red channel.  In order to appreciate the 588 

intensity of the  vesicular staining in each condition, we have examined a line profile across a 7 μM 589 

region and inserted this within the panel along with a magnification of this region.  The y-axis reflects 590 

the pixel intensity across the distance (x-axis).  The third group, shown in panels E and F, show the 591 

colocalization of the PsV genome (green) and L2 protein (red).  The line profiles for a chosen region have 592 

been inserted.  In the final group (panels G and H), the Golgi localization of L2 was evaluated by co-593 

staining of L2 (green) with giantin (red).  A split image of a chosen region is shown to allow better 594 

appreciation of the localization of  L2 staining relative to the medial Golgi marker.          595 

 596 

Figure 3.  Intracellular processing in the presence of IFN-γ.    (A) The intracellular processing of HPV16 597 

L1 was examined by anti-L1 VLP immunoprecipitation using a rabbit polyclonal antiserum followed by 598 

Western blotting using a monoclonal antibody in both untreated and IFN-γ-treated HaCaT cells.  In the 599 

uninfected, cells only conditions, indicated by “co”, only the heavy and light chain antibody bands were 600 

evident (indicated H and L).  In the HPV16 PsV infected cells the full length, unprocessed L1 band (FL) 601 

was evident throughout the time course.  Lower molecular weight products, migrating between 23 kDa 602 

and 45 kDa, were evident by 6 hours in the untreated cell conditions.  The 23 kDa band and an 603 

additional 15 kDa band were evident at the 24 hour and 48 hour time points.  In the IFN-γ-treated 604 
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conditions, the intermediate sized products did not resolve throughout the time course and little 605 

accumulation of the 15 kDa band occurred.  (B) The separation of the minor capsid protein, L2 from the 606 

major capsid protein, L1 was evaluated in untreated and IFN-γ-treated cells at 24 hours post-infection.  607 

Uninfected cells (lane 3) or HPV16 PsV infected cells (lanes 4 untreated, lane 5 NH4Cl-treated, lane 6 IFN-608 

γ-treated) were immunoprecipitated with rabbit anti-L1 VLP antiserum and the presence of the two 609 

capsid proteins were evaluated by Western blotting with mouse monoclonal antibodies (L1 in top panel, 610 

L2 in bottom panel).  Lane 2 shows the migration of the input virion proteins.  The lower band in lane 2 611 

in the anti-L1 blot is the full length L1 protein, the upper band indicates cross reaction of this antibody 612 

with the L2 protein.  Most of the lower molecular weight L1 products shown in panel B were cropped 613 

out of this figure, but some of the weak, upper bands are evident in lanes 5 and 6.  Following NH4Cl 614 

treatment (lane 5), there was an increase in L1 and L1-associated L2.  This was also evident, to a lesser 615 

degree, in the IFN-γ-treated condition (lane 6).  (C) The intracellular processing of EGFR following EGF 616 

addition was examined in either untreated HaCaT cells or in IFN-γ-treated cells (18 hours pretreatment) 617 

by Western blot analysis.  The appearance of lower molecular weight forms of EGFR was similar in both 618 

conditions (arrow).  The lower panel demonstrates equivalent protein concentrations by the comparison 619 

of GAPDH levels.   620 

 621 

Figure 4.  Effect of IFN-γ-treatment on protein trafficking.  HaCaT cells were untreated or treated with 622 

IFN-γ for 18 hours.  The untreated conditions are shown in the left column and the IFN-γ-treated 623 

conditions are in the right column.  The steady state distribution of the transferrin receptor (TFR) was 624 

examined and is shown in panel A (untreated) and panel B (treated).  The delivery of Alexa 488-coupled 625 

epidermal growth factor (EGF, green channel) to early endosomes, as indicated by anti-EEA1 staining 626 

(red channel) was examined at two time points following EGF addition; 30 minutes shown in panels C 627 

(untreated) and panel D (treated), and 2 hours shown in E (untreated) and panel F (treated).  Please 628 
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note that the slightly increased EGF signal at the 2 hour time point does not colocalize with EEA1.  For 629 

each panel a selected region is shown as a split image within each panel.  The Golgi delivery of the 630 

retromer-dependent cargoes; Alexa 488-coupled Cholera Toxin B (CTXB-488) and FITC-coupled ricin 631 

(green channel) was determined by colocalization with giantin (red channel) is shown in panels G-J.  632 

Delivery of both reagents was examined at 30 minutes post-addition.  For each panel a selected region is 633 

shown as a split image within the panels; untreated cells are shown in panel G (CTXB) and panel I (ricin) 634 

and IFN-γ-treated cells are shown in panel H (CTXB) and panel J (ricin). 635 

 636 

Figure 5.  Evaluation of IFN-γ-treatment of other cell lines.  (A) To determine the IFN-γ sensitivity of 637 

HPV16 PsV infection in additional cell lines, we pretreated a panel of cell lines with the indicated 638 

concentration for 18 hours prior to HPV16 PsV addition.  GFP-positive cells were determined at 72 hours 639 

post-infection and normalized to the untreated, infected population.  The S1 cell line was treated with 640 

murine IFN-γ.  Triplicate infections were analyzed for all experiments.   (B) The ability of these cells lines 641 

to respond to IFN-γ treatment was determined by Western blot analysis of endogenous form of STAT1 642 

(upper panel) and the appearance of the tyrosine 701 phosphorylated form of STAT1 (lower panel).  The 643 

inclusion of IFN-γ is indicated by the + above the appropriate lane.  Note that all cell lines have an intact 644 

IFN-γ activation capacity. 645 

 646 

Figure 6.  Susceptibility of other HPV types to IFN-γ treatment.  To determine if other HPV types also 647 

showed a sensitivity to IFN-γ treatment, we examined the infection of a panel of HPV PsV types on 648 

HaCaT cells.  All PsV types were initially titrated to determine the PsV amount to generate 15-30% 649 

infected cells.  This amount was then used to infect untreated cells and cells that had been treated with 650 

a titration series of IFN-γ.  The percentage of inhibition was determined by normalizing to the untreated 651 

control infection.  The species groupings are indicated above each panel and next to the HPV type 652 
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indicated in the panel legend.  Alpha 9 species members are shown in panel A; alpha 8, 10 and 11 in 653 

panel B; alpha 5 and 7 in panel C; and beta 1 and 2 members are shown in panel D.  Triplicate infections 654 

were analyzed for all experiments.    655 

 656 

Figure 7.  The HPV type of the L2 protein confers IFN-γ response phenotype.  Hybrid HPV PsVs were 657 

assembled and infectivity was confirmed by titration on HaCaT cells.  The PsV amount to confer 15-35% 658 

infection was then used to evaluate the sensitivity to IFN-γ. (A) Both HPV16 and HPV45 displayed their 659 

previously demonstrated infection phenotype following IFN-γ  treatment.  The hybrid PsV that contained 660 

the HPV45 L1 protein and the HPV16 L2 protein shared the sensitivity of the HPV16 PsV to IFN-661 

γ treatment.  (B) Hybrid PsV were assembled to contain HPV45 L1 and HPV18 L2 and the inverse shuffle, 662 

HPV18 L1 and HPV45 L2.  The former capsid combination was sensitive to IFN-γ treatment, like the 663 

HPV18/18 PsV.  The latter PsV, with HPV45 L2, was not sensitive to IFN-γ treatment, resembling the 664 

HPV45/45 PsV.  (C) The capsid composition and purity was determined for each PsV type.  Purified 665 

particles were examined by Coomassie G-250 staining.  The dominant band in each type is the L1 666 

protein, the more slowly migrated band evident in some types is the L2 protein.  HPV18 and HPV45 PsV 667 

preparations that were generated with the bicistronic expression plasmid and the two separate L1 and 668 

L2 expression plasmids are both shown. 669 

   670 

  671 
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