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Figure 1. Murine CypA has a diminished ability to facilitate HCV replication. (A) An amino acid sequence

alignment of CypA from diverse species. Similar amino acids are indicated in boxed, bold capital letters while

differences are lowercase. Species are arranged from top to bottom in increasing evolutionary distance from

human. For pigtailed macaque, all experiments utilized a TRIM5-CypA fusion – only the residues of the CypA

portion of the fusion are depicted here. (B) Huh7.5 cells expressing an shRNA against endogenous human CypA

(Huh7.5-shRNA CypA) were transduced to express different CypA orthologs and then infected with a HCV reporter

genome expressing secreted Gaussia luciferase (Jc1-Gluc, MOI = 0.1). At five dpi, the luciferase activity of the

supernatants was assessed as a proxy for viral replication. CypA rescue efficiency is shown normalized to Huh7.5-

shRNA CypA transduced with human CypA, which is 100% identical at the amino acid level to chimpanzee,

Figure 1 continued on next page
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Figure 1 continued

bonobo, gorilla, olive baboon and rhesus macaque CypA. Results shown are from two representative experiments,

each with triplicate samples. Lines and error bars represent the mean ± SD. Ordinary two-way ANOVA test

performed followed by Dunnett’s multiple comparisons test with all means compared to that of the +human CypA

line. Chimp/Ch, chimpanzee; Bo, bonobo; Go, gorilla; Orang, orangutan; Rhesus mac/RhM, rhesus macaque; Pt

mac, pigtailed macaque; Olive bab/Bab, olive baboon; Sq monkey, squirrel monkey. ****, p<0.0001; ns, not

significant.

DOI: https://doi.org/10.7554/eLife.44436.003
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Figure 1—figure supplement 1. Assessment of Huh7.5-shRNA CypA cells. (A) Western blot demonstrating knockdown of human CypA in Huh7.5-

shRNA CypA cells relative to the parental Huh7.5 cells and those expressing an shRNA against an irrelevant target (Huh7.5-shRNA irrel). Quantification

of signal intensity was done using LI-COR Image Studio Software (version 4.0) with background detection set to ‘Median.’ CypA signal intensity was

normalized based off that of b-actin and is expressed here relative to Huh7.5 cells (set at 100%). (B) HCV replication is specifically diminished in Huh7.5-

shRNA CypA cells and not Huh7.5-shRNA irrel cells. Infection performed with Jc1-Gluc (MOI = 0.1). On even-numbered days, cells were washed with

PBS and the media changed to assess de novo replication. Lines and error bars represent the mean ± SD.

DOI: https://doi.org/10.7554/eLife.44436.004
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Figure 1—figure supplement 2. Transduction efficiency of CypA orthologs in Huh7.5-shRNA CypA cells.

Bicistronic constructs expressing the CypA orthologs of interest followed by an IRES-regulated eGFP-ubiquitin-

neomycin fusion protein were used to transduce Huh7.5-shRNA CypA cells. Transduction efficiency assessed via

flow cytometry and representative data are summarized here from one set of transductions (A). Cell lysates were

collected from Huh7.5-shRNA CypA cells transduced with these various constructs and expression determined by

western blot (please see Supplementary file 1). Quantification of CypA expression was determined by taking the

signal from the CypA band divided by the signal from the b-actin band and then this value divided by that from

the untransduced Huh7.5-shRNA CypA cells to give the relative expression (B). Signal intensity was determined

using LI-COR Image Studio Software (version 4.0) with background detection set to ‘Lane.’ The ‘a’ and ‘b’ above

each bar delineate the different pairs of antibodies used to assess CypA expression. For ‘a,’ the signal was

quantified from rabbit anti-CypA and mouse anti-b-actin; for ‘b,’ the signal was quantified from mouse anti CypA

and rabbit anti- b-actin. ND, non-detected; Mn, pigtailed macaque.

DOI: https://doi.org/10.7554/eLife.44436.005
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Figure 2. Characterizing the amino acid basis for the differing efficiencies of murine and human CypA in HCV replication. (A) Schematic depicting the

humanized murine CypA and murinized human CypA constructs tested. (B) Modeled structure of human CypA (PDB 1CWA) with the six residues

differing between murine and human CypA altered to those of murine CypA and shown labeled. The residues that directly interact with cyclosporine A

(CsA) (Arg55, Phe60, Met61, Gln63, Gly72, Ala101, Asn102, Ala103, Gln111, Phe113, Trp121, Leu122 and His126) (Ke et al., 1994) are depicted in gray

as stick models. The six residues that comprise the active site (His54, Arg55, Phe60, Gln111, Phe113, and His126) (Zydowsky et al., 1992), five of which

also interact with CsA, are shown in black as stick models. Huh7.5-shRNA CypA cells were transduced with the singly murinized human (C), the singly

humanized murine (D) or the triply murinized/humanized (E) CypA mutants, infected with Jc1-Gluc at MOI = 0.1 and supernatants assessed for Gaussia

luciferase activity as a proxy for HCV replication at five dpi. The rescue efficiency of each mutant was normalized to Huh7.5-shRNA CypA cells

transduced with human CypA. Results shown are from two representative experiments, each with triplicate samples. Lines and error bars represent the

mean ± SD. Ordinary two-way ANOVA test performed followed by Sidak’s multiple comparison test, with all means compared to that of the +human

CypA line (C) or the +mouse CypA line (D). For (E), Tukey’s multiple comparison test was used to compare all the means to one another. *, p<0.05; **,

p<0.01; ***, p<0.001; ****, p<0.0001; ns, not significant.
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Figure 2—figure supplement 1. Transduction efficiency of CypA mutants in Huh7.5-shRNA CypA cells. Bicistronic

constructs expressing the CypA mutants shown in Figure 2A followed by an IRES-regulated eGFP-ubiquitin-

neomycin fusion protein were used to transduce Huh7.5-shRNA CypA cells. Transduction efficiency assessed via

flow cytometry and representative data are summarized here from one set of transductions for the murinized

human CypA single mutants (A), humanized mouse CypA single mutants (B) and the triply humanized/triply

murinized CypA mutants (C).

DOI: https://doi.org/10.7554/eLife.44436.007
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Figure 2—figure supplement 2. Expression of CypA mutants in Huh7.5-shRNA CypA cells. Cell lysates were

collected from the transduced Huh7.5-shRNA CypA cells shown in Figure 2 and Figure 2—figure supplement 1

and expression determined by western blot (please see Supplementary file 1) transductions for the murinized

human CypA single mutants (A), humanized mouse CypA single mutants (B) and the triply humanized/triply

murinized CypA mutants (C). Quantification of CypA expression was determined by taking the signal from the

CypA band divided by the signal from the b-actin band and then this value divided by that from the untransduced

Huh7.5-shRNA CypA cells to give the relative expression. Signal intensity was determined using LI-COR Image

Studio Software (version 4.0) with background detection set to ‘Lane.’ The ‘a’ and ‘b’ above each bar delineate the

different pairs of antibodies used to assess CypA expression. For ‘a,’ the signal was quantified from rabbit anti-

CypA and mouse anti-b-actin; for ‘b,’ the signal was quantified from mouse anti CypA and rabbit anti- b-actin.

DOI: https://doi.org/10.7554/eLife.44436.008
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Figure 3. Humanizing residue 52 in the murine CypA mutant T11A/A12V/D14G does not further increase rescue

efficiency. (A) Schematic of the additional humanized mouse CypA mutants tested. (B) Huh7.5-shRNA CypA cells

were transduced with the mutants shown in (A) and infected with Jc1-Gluc at MOI = 0.1. Supernatants were

assessed for Gaussia luciferase activity as a proxy for HCV replication at five dpi, and the rescue efficiency of each

mutant was normalized to Huh7.5-shRNA CypA transduced with human CypA. Results shown are from two

representative experiments, each with triplicate samples. Lines and error bars represent the mean ± SD. Ordinary

two-way ANOVA test performed followed by Sidak’s multiple comparison test, with all means compared to that of

the +mouse CypA line. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001, ns, not significant.
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Figure 3—figure supplement 1. Transduction efficiency of additional mouse-S52C CypA mutants in Huh7.5-shRNA CypA cells. Bicistronic constructs

expressing the CypA mutants shown in Figure 3A followed by an IRES-regulated eGFP-ubiquitin-neomycin fusion protein were used to transduce

Huh7.5-shRNA CypA cells. Transduction efficiency assessed via flow cytometry and representative data are summarized here from one set of

transductions (A). Cell lysates were collected from Huh7.5-shRNA CypA cells transduced with these various constructs and expression determined by

western blot (please see Supplementary file 1). Quantification of CypA expression was determined by taking the signal from the CypA band divided

by the signal from the b-actin band and then this value divided by that from the untransduced Huh7.5-shRNA CypA cells to give the relative expression

(B). Signal intensity was determined using LI-COR Image Studio Software (version 4.0) with background detection set to ‘Lane.’ The ‘a’ and ‘b’ above

each bar delineate the different pairs of antibodies used to assess CypA expression. For ‘a,’ the signal was quantified from rabbit anti-CypA and mouse

anti-b-actin; for ‘b,’ the signal was quantified from mouse anti CypA and rabbit anti- b-actin.
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Figure 4. Mouse CypA does not have a dominant negative effect on human CypA in dually transduced cells.

Huh7.5-shRNA CypA cells non-transduced or transduced with a 3x-FLAG-tagged human CypA, mouse CypA

(expressing eGFP), or both (A) were infected with Jc1-Gluc (MOI = 0.1). (B) At five dpi, cells were stained with

antibodies against FLAG and NS5A for flow cytometry analysis. The percentage of NS5A+ cells was determined

from the subset of cells that were FLAG+ for the samples singly transduced with the human CypA construct,

eGFP +for the samples singly transduced with the mouse CypA construct or FLAG+/eGFP+ for the cells dually

transduced with both the human and mouse CypA constructs. In the latter case, cells with high dual transduction

were gated on as shown in (A) and the percentage of NS5A + cells determined from this subset. Data shown

represent three independent experiments, each performed in triplicate. Two of the data points for the dually

transduced, non-infected cells were zero and thus could not be plotted on a log axis. Lines and error bars

represent the mean ± SD. Two-way ANOVA with Sidak multiple comparisons test used for statistical analysis. **,

p<0.01; ****, p<0.0001; ns, not significant.

DOI: https://doi.org/10.7554/eLife.44436.011

Gaska et al. eLife 2019;8:e44436. DOI: https://doi.org/10.7554/eLife.44436 11 of 17

Research article Microbiology and Infectious Disease

https://doi.org/10.7554/eLife.44436.011
https://doi.org/10.7554/eLife.44436


Figure 4—figure supplement 1. Transduction efficiency of mouse CypA-IRES-GUN and human CypA-3x FLAG in

Huh7.5-shRNA CypA cells. Cells were transduced with either mouse CypA-IRES-eGFP alone, human CypA-3x

FLAG, both human and mouse, or nothing for the competition experiment shown in Figure 4. Transduction

efficiency of both GFP and FLAG were assessed in these lines via flow cytometry and representative data are

summarized here from one set of transductions (A). Cell lysates were collected from Huh7.5-shRNA CypA cells

transduced with these various constructs and expression determined by western blot (please see

Supplementary file 1). Quantification of CypA expression was determined by taking the signal from the CypA

band divided by the signal from the b-actin band and then this value divided by that from the untransduced

Huh7.5-shRNA CypA cells to give the relative expression (B). Signal intensity was determined using LI-COR Image

Studio Software (version 4.0) with background detection set to ‘Lane.’ The ‘a’ and ‘b’ above each bar delineate the

different pairs of antibodies used to assess CypA expression. For ‘a,’ the signal was quantified from rabbit anti-

CypA and mouse anti-b-actin; for ‘b,’ the signal was quantified from mouse anti CypA and rabbit anti- b-actin.

DOI: https://doi.org/10.7554/eLife.44436.012
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Figure 5. Viral spread and infectious particle production observed over time in HCV-infected rescue lines. (A)

Schematic of experimental workflow. SN, supernatant; Gluc, Gaussia luciferase. Image created with BioRender. (B)

Huh7.5-shRNA CypA cells non-transduced or transduced with human, mouse or triply humanized mouse CypA

were infected with Jc1-Gluc (MOI = 0.1). At three and five dpi, as represented by circles and squares, respectively,

Figure 5 continued on next page
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Figure 5 continued

the percentage of NS5A cells compared to naı̈ve cells was assessed by flow cytometry. Note that one human

sample had too few cells, so the NS5A staining is shown for only five, instead of six, samples. (C) Supernatants

were collected from the infected and naı̈ve cultures at three and five dpi and used to infect naı̈ve Huh7.5 cells.

From these infected Huh7.5 cells, supernatants were then collected at three dpi and luciferase activity once more

assessed. Circles and squares indicate, respectively, the supernatants collected at 3 and 5 dpi following the

infection for which NS5A staining is shown in (B). Results shown are from two representative experiments, each

with triplicate samples. Lines and error bars represent the mean ± SD. Ordinary two-way ANOVA test performed

followed by Sidak’s multiple comparison test, with the mean value for each cell line at three dpi compared to its

mean at five dpi. *, p<0.05; ****, p<0.0001, ns, not significant.
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Figure 6. Clone 8 cells express multiple factors important for the HCV life cycle. (A) Schematic of the engineered

murine hepatoma cell line, Clone 8 + murine ApoE (mApoE) derived from Hep56.1D cells. (B) SEC14L2 expression

verified by western blot. Mouse anti-human SEC14L2 shown in green (~45 kDa) and rabbit anti-b actin shown in

red (~42 kDa). (C) miR-122 expression was assessed by RT-qPCR. Results are normalized to U6 and shown as fold

change relative to Huh7.5 cells (set at 100). (D) Clone 8 ± ApoE express human CD81, Venus YFP-human OCLN,

Cerulean-human CLDN1, mKate2-human SRBI and murine ApoE-tagRFP as assessed by flow cytometry. (E) The

kinetics of HCV replication were assessed in Clone 8 ± ApoE, the parental Hep56.1D cells and the highly

permissive human hepatoma cell line Huh7. Cells were infected with Jc1-Gluc at an MOI of 0.1 and supernatants

collected daily for six days. On even-numbered days as indicated by the labeled arrows, cells were washed with

PBS and the media changed to assess de novo replication. Lines and error bars represent the mean ± SD.
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Figure 7. Expressing CypA variants in Clone 8 ± ApoE cells increases HCV replication. (A) Clone 8 + ApoE cells were transduced with mouse, human,

triply murinized human, or triply humanized mouse CypA in bicistronic lentiviral constructs expressing eGFP. Transduction efficiency assessed by flow

Figure 7 continued on next page
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Figure 7 continued

cytometry. (B) The transduced Clone 8 cells were infected with Jc1-Gluc (MOI = 0.1) and the media changed daily. The different factors transduced into

the Hep56.1D cells are specified below the graph. Note that the "—*” for mApoE indicates that these cells were not transduced to express

exogenous mApoE; their endogenous expression was not disrupted. Results shown are from two representative experiments, each with triplicate

samples. Gaussia luciferase activity was assessed in these supernatants as a proxy for HCV replication and is expressed as relative luminescence units

(RLU). Ordinary one-way ANOVA test performed on the Hep56.1D and derivative lines followed by Tukey’s multiple comparisons test with a single

pooled variance. The dashed line labeled ‘background’ is the average signal from supernatants of naı̈ve cells. (C) As in (B), Huh7 cells, Hep56.1D and

derivative lines as shown on the x-axis were infected with Jc1-Gluc (MOI = 0.1) and supernatants collected at six dpi to infect naı̈ve Huh7.5 cells.

Following infection of these Huh7.5 cells with the supernatants, the media was changed daily. Shown is the Gaussia luciferase activity of the Huh7.5

supernatants three dpi with the origin of the supernatants used for the original infection indicated on the X axis. Lines and error bars represent the

mean ± SD. The dashed line labeled ‘background’ is the average signal from supernatants of naı̈ve cells. Ordinary two-way ANOVA test performed on

the Hep56.1D and derivative lines followed by Dunnett’s multiple comparison test, with all means compared to that of Hep56.1D. Lines and error bars

represent the mean ± SD. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.
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