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Abstract  31 
The rather few cases of humans infected by HIV-1 N, O, or P raise the question of their 32 
incomplete adaptation to humans. We hypothesized that early post-entry restrictions may be 33 
relevant for the impaired spread of these HIVs. One of the best-characterized species-specific 34 
restriction factors is TRIM5α. HIV-1 M can escape human TRIM5α restriction by binding 35 
cyclophilin A (CYPA, also known as PPIA, peptidylprolyl isomerase A) to the so-called 36 
CYPA binding loop of its capsid protein. How non-M HIV-1s interact with huTRIM5α is ill-37 
defined. By testing novel full-length reporter viruses (Δ env) of HIV-1 N, O, P, and SIVgor, 38 
we found that, in contrast to HIV-1 M, the non-pandemic HIVs and SIVgor showed 39 
restriction by human TRIM5α. Work to identify capsid residues that mediate susceptibility to 40 
huTRIM5α revealed that capsid residue 88 in the capsid CYPA binding loop was important 41 
for such differences. There, HIV-1 M uses alanine to resist, while non-M HIV-1s have either 42 
valine or methionine, which avail them for huTRIM5α. Capsid residue 88 determines the 43 
sensitivity to TRIM5α in a so far unknown way. Molecular simulations indicated that capsid 44 
residue 88 can affect trans-to-cis isomerization patterns on the capsids of the viruses we 45 
tested. These differential CYPA usages by pandemic and non-pandemic HIV-1 suggest that 46 
the enzymatic activity of CYPA on the viral core might be important for its protective 47 
function against human TRIM5α. 48 
 49 
 50 
Significance statement 51 
 52 
Almost all cases of HIV-1 infections are caused by the pandemic HIV-1 M. The non-53 
pandemic HIV-1s N, O, and P do not spread much in humans for unknown reasons. Human 54 
cells express TRIM5α that restricts HIV-1. HIV-1 M evolved to escape this restriction by 55 
binding cyclophilin A to the viral core. Our data indicate that non-pandemic HIV-1s are 56 
sensitive to human TRIM5α. In these viruses, cyclophilin A binding cannot protect against 57 
TRIM5α, because its trans/cis isomerase enzymatic activity is reduced. Our data suggest that 58 
subtle changes induced by cyclophilin A in the capsid have a severe impact on viral infection. 59 
 60 
 61 
 62 
 63 
 64 
Introduction 65 
Human immunodeficiency virus 1 (HIV-1) is subdivided into four groups, the pandemic 66 
group M, and the non-pandemic groups N, O, and P (1). HIV-1 N was identified in 20 67 
patients and HIV-1 P in two patients, circulating mostly in Cameroon 68 
(https://www.hiv.lanl.gov/). About 100.000 people have been infected with HIV-1 group O 69 
found in West and Central Africa with the highest prevalence in Cameroon, Gabun and 70 
Equatorial Guinea (2). HIV-1s are the evolutionary results of rare successful transmission 71 
events of simian immunodeficiency viruses (SIV) to humans. Group M and group N HIV-1s 72 
are derived from SIV of chimpanzees (SIVcpz), while group O and group P are the results of 73 
spillover of SIV of gorillas (SIVgor) (1, 3, 4). To halt retroviral replication, vertebrates use 74 
several cellular restriction factors (5–9). It is ill-defined whether the low prevalence of non-M 75 
HIVs is associated with the activity of antiviral factors such as the capsid-binding TRIM5α, 76 
which may limit their spread among humans.  77 
 78 
TRIM proteins have a RING domain, a coiled-coil domain, and one to two B box domains 79 
(10). In addition, some TRIM proteins have a C-terminal PRYSPRY (B30.2) domain such as 80 
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in the alpha isoform of TRIM5, theTRIM5α, and TRIM25, or a cyclophilin A (CYPA) 81 
domain such as in the TRIM-Cyclophilin A (TRIMCyp) fusion proteins (11). The PRYSPRY 82 
or CYPA domains of TRIM5 proteins can bind retroviral cores. This binding initiates TRIM5 83 
oligomerization to form higher-order oligomers around the conical core to affect the core 84 
integrity, and, thereby, impairs nuclear import and integration of the reverse-transcribed viral 85 
genome (11–13). The TRIM5α binding to capsid can also result in intracellular signaling 86 
events for an extended viral restriction (11, 14). The anti-retroviral activity of TRIM5 87 
proteins has been shown to mainly be PRYSPRY or CYPA domain-dependent (11). CYPA 88 
presence at the C-terminus of TRIM5 proteins is a result of the evolutionary 89 
retrotransposition of CYPA in some primates, like the Old World rhesus monkeys (Macaca 90 
mulatta) or the New World Aotus night/owl monkeys (15, 16). The antiretroviral activity of 91 
TRIM5α is thought to have formed a selective protective shield against the retroviral spread 92 
in vertebrate hosts (17, 18). As an example, human (hu) TRIM5α restricts infections by the 93 
horse lentivirus equine infectious anemia virus (EIAV) (19); in contrast, the pandemic HIV-1 94 
M escapes the antiviral activity of huTRIM5α by displaying binding sites in the viral core for 95 
CYPA (20, 21). The viral core is composed of about 1200 – 1500 capsid proteins in mostly 96 
hexameric organizations (22). Cellular CYPA and TRIMCyp bind the so-called CYPA 97 
binding loop of capsid formed by residues 85 to 93 (23–26). The CYPA - core interaction 98 
during the early phase of infection in the viral target cell is essential for its protective 99 
function against huTRIM5α(20). CYPA is also packaged by HIV virions, with less defined 100 
roles (27, 28). In virions, a CYPA-capsid stoichiometry of 0.1 and in in vitro assembled 101 
capsid tubes, a stoichiometry of ~ 0.3–0.4 was described (29–31). CYPA can influence many 102 
early steps of HIV infection (32–34) but the molecular mechanisms are not fully understood 103 
and may involve a trans/cis isomerization activity of CYPA and altered dynamics of the core 104 
(35, 36). Here we tested the antiviral property of human TRIM5α against non-M group HIVs 105 
but also SIVgor, identified viral determinants of sensitivity, and assessed the role of CYPA in 106 
the mechanism of TRIM5α to restrict HIVs.  107 
 108 
 109 
Materials and methods. 110 
Cells. CrFK and HEK293T cells were maintained in Dulbecco’s high-glucose modified 111 
Eagle’s medium (PAN Biotech, Aidenbach, Germany) with addition of 10% fetal bovine 112 
serum (FBS, PAN Biotech), 2 mM L-glutamine (PAN Biotech), 100 U/ml penicillin, and 100 113 
μg/ml streptomycin (PAN Biotech). TRIM5α knockout U87-MG and control cells were 114 
kindly donated by Michael Malim (37); CYPA knockdown and control U87-MG cells were 115 
cultured under 1 µg puromycin. Human macrophages were isolated from whole blood, 116 
obtained from the university hospital of Heinrich Heine University Düsseldorf (ethical 117 
approval study number 3180). Macrophages were maintained in RPMI 1640 containing 1,000 118 
U/ml monocyte colony-stimulating factor (M-CSF). 119 
 120 
Plasmids. The replication-competent HIV-1 N DJO0131, HIV-1 O RBF206, HIV-1 P 121 
RBF168, SIVcpzPtt MB897 clones were kindly provided by Frank Kirchhoff. 122 
SIVgorCP2139, and SIVcpzPts clone TAN1.910 clones were obtained from NIH AIDS 123 
repository (38). The murine leukemia virus (MLV) packaging construct pHIT60, which 124 
encodes the gag-pol of Moloney MLV was provided by Jonathan Stoye (39). Reporter 125 
viruses for HIV-1 N, HIV-1 O, HIV-1 P, and SIVgor were constructed as follow: Using 126 
fusion PCR, nanoluciferase gene was cloned in replacement of nef of HIV-1 N, HIV-1 O, 127 
HIV-1 P, and SIVgor. Two stop codons were introduced in the envelope genes of these 128 
viruses, as VSV-G was to be used for envelope. Capsid mutant reporter viruses of HIV-1 M, 129 
HIV-1 N, HIV-1 O and HIV-1 P were generated with fusion PCR using specific primers 130 
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including those with desired mutations. HIV-1 M with HIV-1 N or HIV-1 O or HIV-1 P 131 
capsid were made by fusion PCR, their inserts were cloned in PmlI-MfeI digested 132 
pMDLg/pRRE vector to produce chimeric gag-pol of HIV-1 M with CA genes of other 133 
viruses: pMDLg/pRRE.HIV-1 N CA, pMDLg/pRRE.HIV-1 O CA, pMDLg/pRRE.HIV-1 P 134 
CA. Complete gag-pol constructs for HIV-1 N, HIV-1 O, and HIV-1 P were constructed 135 
using the HIV-1 M pMDLg/pRRE plasmid and replacing HIV-1 M gag-pol by digestion with 136 
PmlI and BspEI and insertion of gag-pols of interest, produced through a series of 137 
overlapping PCR reactions, to make pMDLg/pRRE.HIV-1 N, pMDLg/pRRE.HIV-1 O, 138 
pMDLg/pRRE.HIV-1 P and pMDLg/pRRE.SIVgor. CYPA binding loop capsid mutants 139 
were made through PCR with primers bearing specific CYPA binding loops sequences and 140 
their inserts were respectively cloned in specific vectors to make HIV-1 M.N loop, HIV-1 141 
M.O loop, and HIV-1 N.M loop. HIV-1 vector pSIN.PPT.CMV.Luc.IRES.GFP expresses 142 
firefly luciferase and GFP. psPAX2 was obtained from the NIH AIDS Reagent Program 143 
(Cat# 11348); pRSV-Rev, pMDLg/pRRE and pMD.G (VSV-G) have been described (40). 144 
Using fusion PCR on TRIMCyp in pLNCX2 plasmid (41), fusion PCR was used to introduce 145 
the desired mutations in the CYPA domain; N66D, H69R or N66D-H69R rhTRIMCyp-HA 146 
mutants were generated.  147 
 148 
Transfection and viral particle production. The pMDLg/pRRE based viral particles 149 
production was done using: pMDLg/pRRE (800 ng), pSIN.PPT.CMV.Luc.IRES.GFP (800 150 
ng), pRSV-Rev (400 ng), and pMDG.VSV-G (200 ng). For nanoluciferase-based reporter 151 
viruses (HIV-1 N, O, P, SIVgor, SIVcpz), 106 HEK293T cells were seeded, the following 152 
day, these cells were transfected using 200 ng VSV-G and 2000 ng of viral plasmids using 153 
polyjet (Tebubio GmbH, Offenbach, Germany). 48 hrs post-transfection, viral particles were 154 
collected. Where needed, the reverse transcriptase (RT) activity of viruses was quantified 155 
using the previously described approach (42). 156 
 157 
Generation of stable cells expressing TRIM5 proteins. Viral particles produced in 158 
HEK293T cells using a pLNCX2.TRIMCyp construct, pHIT60, and pMD.G (VSV-G) were 159 
used to transduce CrFK cells for three days, followed by a selection under 400 μg/ml G418 160 
(Biochrom GmbH, Berlin, Germany), for the expression of HA-tagged wild type and mutant 161 
rhTRIMCyp proteins. Protein expression was confirmed with immunoblots. Cells expressing 162 
empty pLNCX2 vector were used for control. 163 
 164 
Single round infection assay. 10 x 104 CrFK cells or 5 x 103 (U-87 MG) cells were seeded 165 
into 96-well plates and infection was performed the following day. For experiments involving 166 
cyclosporin A (CsA, Sigma Aldrich, Germany), 1 to 10 µM of CsA or control DMSO were 167 
used to treat cells 2 hrs before infection. Cells were then infected with different reporter viral 168 
particles and after 48 to 72 hrs, luciferase activity was measured. For infection with 169 
nanoluciferase-containing reporter viruses, cells were washed with phosphate-buffered saline 170 
(PBS) three times before lysis and luciferase measurement, in addition to medium change 24 171 
hrs following infection, to eliminate the effect of background nanoluciferase. Nanoluciferase 172 
activity was measured with Nano-Glo Luciferase system (Promega, Mannheim, Germany) 173 
and firefly luciferase activity was measured with the Steady-Glo Luciferase system 174 
(Promega) on a MicroLumat Plus luminometer (Berthold Detection Systems, Pforzheim, 175 
Germany). Each experiment was performed in triplicates for at least three times.  176 
 177 
Pulldown assays and immunoblots. The GST-CYPA based pulldown experiments followed 178 
a protocol previously described (43). To confirm the expression of primate TRIM5 proteins, 179 
cells were lysed using RIPA lysis buffer (25 mM Tris-HCl [pH 8.0], 137 mM NaCl, 1% NP-180 
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40, 1% glycerol, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 2 mM 181 
EDTA, and protease inhibitor cocktail set III (Calbiochem, Darmstadt, Germany). The cell 182 
lysate was centrifuged at 14,800 rpm for 20 min at 4°C. The protein supernatant was 183 
denatured using Roti-load sample buffer (Roth, Karlsruhe, Germany) and was used for SDS 184 
PAGE. Mouse primary anti-HA (MMS-101P, Covance, Münster, Germany, 1:7.500 dilution) 185 
for HA-tagged proteins, anti-human TRIM5α (rabbit monoclonal, # 143265; Cell Signaling 186 
Technology Europe BV, Frankfurt, Germany), anti-CYPA (mouse monoclonal; Santa Cruz 187 
Biotechnology) (1:500 dilution), CYPA.GST was detected using mouse anti-GST 188 
(SAB4200237-200UL, Sigma-Aldrich, Germany,1:7500 dilution)) were used. For viral 189 
proteins, viral supernatant was centrifuged through 20% sucrose gradient for a minimum of 4 190 
hrs at 4°C, 14.800 rpm. The supernatant was discarded, and the viral pellet was lysed using 191 
RIPA buffer for 5 min followed by denaturation at 95°C in Roti-load sample buffer for 5 min 192 
and SDS PAGE using anti-p24 antibody (NIH). 193 
 194 
 195 
Modeling of HIV-1 capsid variants. The structural model of the HIV-1 M capsid and 196 
CYPA generated by TopModel (44, 45) taken from (43). The capsid-CYPA complex was 197 
formed by superimposing the structures of the components onto the proteins of the cryo-EM 198 
structure PDB ID 5FJB. Mutations at the CYPA binding loop to HIV-1 N, HIV-1 O, and the 199 
HIV-1 M A88V, M91L, and H87P variants were introduced with SCWRL (46). HIV-1 N 200 
P87H and I91L monomers were modeled with (47). The capsid-CYPA complex was formed 201 
as above. PDB2PQR (48) was used to determine the protonation state at pH = 7.4 with the 202 
help of PROPKA 3 (49). The systems were packed using PACKMOL-Memgen (46) adding 203 
KCl in a concentration of 0.15 M and using a minimum distance between the protein(s) and 204 
the edges of the water box of 15.0 Å. The ff19SB force field (44) was used for the proteins, 205 
the OPC force field (50) with the corresponding Li/Merz ion parameters (49) was used for 206 
water and ions, respectively. 207 

 208 

Thermalization, density adjustment, and dihedral modification for PMF calculations. 209 
Thermalization and density adjustment were carried out using pmemd from the Amber22 210 
software package (51, 52) with a time step of 2 fs. The Langevin thermostat (53) and 211 
Berendsen barostat (44) were used for temperature and pressure control, respectively. For the 212 
treatment of long-range electrostatic interactions, the Particle Mesh Ewald method (54) was 213 
used with a direct-space non-bonded cutoff of 9.0 Å. The SHAKE algorithm was used to 214 
constrain bond lengths involving hydrogen atoms (55). For each loop variant (HIV-1 M, 215 
HIV-1 N, HIV-1 O, HIV-1 M A88V), the loop either binding to CYPA or unbound was 216 
turned at the ω dihedral between G89 and P90 in 3° steps, which leads to 121 windows for 217 
each setup. The dihedral was modified to the target value during 10.000 steps of relaxing the 218 
system with the steepest decent algorithm followed by 10.000 steps with the conjugate 219 
gradient algorithm applying a force at the ω dihedral of 200 kcal mol-1 rad-2. During 10 ns, 220 
the system was heated to 300 K and 1 bar under NPT conditions.  221 

 222 

Umbrella sampling and PMF calculations. For each window, 20 ns of umbrella sampling 223 
simulations in the NPT ensemble were performed, using a harmonic restraining potential with 224 
a force constant of 200 kcal -mol-1 rad-2 and writing out the ω dihedral every 50 simulation 225 
steps. The ω dihedral distribution was analyzed with the Weighted Histogram Analysis 226 
Method (WHAM) v2.0.9.1 (48). The periodicity was considered in the analysis, histogram 227 
limits were set to -0.5° and 360.5° for 722 bins in total, and the tolerance was set to 10-7 kcal 228 
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mol-1. The histograms showed a median overlap of 25% between contiguous windows 229 
(Figures S4 –S11, Table S1), well suited for PMF calculations (56). 230 

The error along the PMF (G(x)) was estimated by block averaging; for each system, the data 231 
were separated into five parts of 4 ns each. The squared error in the estimate of the mean 232 
position of ω in window i (var(xపഥ )) was calculated based on the block averages (for further 233 
details see SI and eq. S1) (57). From there, the error was propagated to derive the variance of 234 
PMFs (var[G(x)]) taking into account var(xపഥ ) as well as the used force constant (k), the 235 
sampling step size (Δω), and the starting position (ω0) as suggested by Zhu and Hummer (eq. 236 
1) (54). 237 

𝑣𝑎𝑟ሾ𝐺ሺxሻሿ ൎ ሺ𝑘𝛥ሻଶ ෍ 𝑣𝑎𝑟ሺxపഥ ሻ

ሺ୶ିఠబሻ
௱

௜ୀଵ

 eq. 1 

From var[G(x)], the standard deviation and the standard error of the mean were computed. 238 
For error propagation when subtracting values of windows n and m, e.g., for obtaining 239 
ΔG#

tc, SEM was calculated according to eq. 2: 240 

𝑆𝐸𝑀 ൌ ට𝑆𝐸𝑀௠
ଶ ൅ 𝑆𝐸𝑀௡

ଶ eq. 2 

Individual states, e.g., cis (ω = 0°), trans (ω = 180°), and transition state (ω = 90°), were 241 
visually checked, and figures were prepared with PyMOL. 242 

 243 
 244 
Results 245 
Construction of non-M HIV and SIVgor reporter viruses. 246 
We constructed novel nanoluciferase-based reporter viruses for HIV-1 N, HIV-1 O, HIV-1 P, 247 
and SIVgor. Nanoluciferase was cloned in replacement of nef genes. In addition, two stop 248 
codons were inserted in the env genes. Production of VSV-G-pseudotyped viral particles was 249 
done through transfection of HEK293T cells, and such virions were tested on human HeLa 250 
cells, for infectivity by nanoluciferase measurement, two days after infection (data not 251 
shown). We also constructed pMDLg/pRRE-based gag-pol constructs for HIV-1 N, HIV-1 252 
O, HIV-1 P and SIVgor. Such constructs were made by replacing HIV-1 M gag-pol in 253 
pMDLg/pRRE with non-M or SIVgor gag-pol. 254 
 255 
Non-M HIVs are inhibited by human TRIM5α in human cells.  256 
To test whether the replication of non-pandemic HIVs is restricted by human TRIM5α, equal 257 
amounts of reporter viruses of non-M HIVs (HIV-1 N, HIV-1 O, HIV-1 P) and SIVs 258 
(SIVcpzPtt, SIVcpzPts, SIVgor) were used for infections of human wildtype (WT) U-87 MG 259 
and huTRIM5α knockout (KO) U-87 MG cells (37) (Fig. 1A). In addition, we included 260 
reporter viruses for HIV-1 M and for the equine infectious anemia infectious virus (EIAV); 261 
EIAV is known to be sensitive to human TRIM5α (19). While the infectivity of HIV-1 M 262 
was equal in WT and TRIM5 KO cells, infection by non-M HIVs but also SIVgor was 263 
enhanced when huTRIM5α was knocked down (Fig. 1B, Fig. S1A). Infection by HIV-1 N 264 
increased to up to three folds in the huTRIM5α KO cells as compared to control cells, 265 
infection by HIV-1 O, HIV-1 P, and SIVgor reached 2.5-, 3.5-, and 2-folds, respectively in 266 
the absence of huTRIM5α, suggesting inhibition of these viruses by human TRIM5α. EIAV 267 
showed 6.5-fold higher infectivity in the absence of huTRIM5α, compared to WT cells. In 268 
contrast, SIVcpzPtt and SIVcpzPts did not benefit from the absence of huTRIM5α (Fig. 1B), 269 
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as described before (58). We also compared infection of WT U-87 MG cells with HIV-1 M 270 
vs. non-M HIV-1s virions produced by their respective gag-pol expression plasmids and 271 
confirmed a strongly reduced infectivity of HIV-1 N, O and P compared to the infectivity of 272 
HIV-1 M (Fig. S1B). The restriction of non-pandemic HIV-1s was seen over a wide range of 273 
virus input in WT U87-MG cells and in primary human macrophages (Fig. S2). 274 
 275 
Capsid and its CYPA binding loop mediate differences in sensitivity to huTRIM5α. 276 
Since TRIM5α is a capsid-binding factor (11), we opted to investigate on the mechanisms 277 
behind differences in sensitivity to huTRIM5α between HIV-1 M and non-pandemic HIVs. 278 
We transferred the capsid encoding sequence from HIV-1 N, HIV-1 O, HIV-1 P, to HIV-1 M 279 
in the gag-pol expression construct pMDLg/pRRE representing HIV-1 M sequence (Fig. 1C). 280 
In contrast to WT HIV-1 M, chimeric viruses with capsid from non-M viruses were inhibited 281 
2.5 – 8-fold in WT cells compared to huTRIM5α KO cells (Fig. 1D), confirming the role of 282 
viral capsid for restriction by human TRIM5α.  283 
 284 
Reports have described that in human cells the capsid-interacting cellular protein cyclophilin 285 
A (CYPA) protects HIV-1 M against the antiviral activity of huTRIM5α (20, 21). In capsid, 286 
CYPA binds to a loop between helix 4 and helix 5, termed CYPA binding loop. Here CYPA 287 
directly interacts with residues G89 and P90 (23), which are conserved in pandemic and non-288 
pandemic HIVs. However, other residues between these viruses show variations, HIV-1 N, 289 
and HIV-1 P share an identical CYPA binding loop (Fig. 1E, Fig. S3). To explore the impact 290 
of loop variability, we swapped in capsid the CYPA binding loops between HIV-1 M, HIV-1 291 
N, and HIV-O. Thus, we created HIV-1 M gag-pol constructs with a CYPA binding loop of 292 
HIV-1 N (identical to HIV-1 P) or HIV-1 O. In reverse, we transferred the HIV-1 M CYPA 293 
binding loop to HIV-1 N or HIV-1 O gag-pol constructs. Stunningly, viruses that had the 294 
CYPA binding loop of non-pandemic HIVs showed a restriction in WT cells compared to 295 
TRIM5α KO cells, and non-pandemic viruses with a CYPA binding loop of HIV-1 M 296 
escaped the restriction by TRIM5α (Fig. 1F). These findings demonstrated that the capsid 297 
CYPA binding loops account for differences in infection levels of pandemic and non-298 
pandemic HIVs in huTRIM5α expressing cells.  299 
 300 
Capsid residue at position 88 mediates HIV sensitivity to huTRIM5α.  301 
In the capsid CYPA binding loop, the human CYPA protein binds strongly to residues G89 302 
and P90 (23) but also A88 binds in the active site groove of CYPA (59). We hypothesized 303 
that variability in residue 88 in the CYPA binding loops could explain our observations 304 
regarding the differential sensitivity of HIV-1 M and the non-pandemic HIV-1s to TRIM5α. 305 
We infected both WT and TRIM5α KO cells with reporter viruses that had mutations in the 306 
CYPA binding loop at position 88, HIV-1 M A88V, HIV-1 N V88A, HIV-1 O M88A or 307 
HIV-1 P V88A, and compared their infectivity to the corresponding WT viruses. For HIV-1 308 
M, we included the well-characterized HIV-1 M G89V and A88V-G89V capsid mutants, 309 
which do not bind CYPA. As expected, both mutations in HIV-1 M, A88V and G89V were 310 
strongly inhibited in WT U-87 MG cells compared to WT virus (Fig. 2A). However, in 311 
TRIM5α KO cells infections by both capsid mutants were not reduced compared to WT HIV-312 
1 M, with infection by the A88V mutant even 4.3-fold higher than infection by WT virus 313 
(Fig. 2B, Fig. S4A, B). Infections by capsid mutants of non-pandemic HIVs showed a 314 
contrasting pattern. In WT cells, the infectivity of HIV-1 N V88A was 5-fold higher, of HIV-315 
1 O M88A was 2.3 folds higher, and of HIV-1 P V88A was 2.1 folds higher than infections 316 
by their WT viruses (Fig. 2C). However, these capsid mutants of non-pandemic viruses had a 317 
similar infectivity to WT virus in TRIM5α KO cells (Fig. 2D). To further analyze if other 318 
residues in the CYPA binding loop could inhibit the protection in HIV-1 M or induce a 319 
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resistance to TRIM5α in HIV-1 N, additional mutations were tested (Fig. S5). As a positive 320 
control, we included the A92E change in HIV-1 M and the P92E mutation in HIV-1 N. As it 321 
was shown that the Ala 92 to Glu mutation disrupts the binding of human TRIM5α to HIV-1 322 
M viral cores (20). In HIV-1 M, the mutations H87P, I91L, and A92E, in contrast to A88V or 323 
G89V did not enhance the sensitivity to TRIM5α (Fig S5A). In HIV-1 N, however, the 324 
reverse mutations P87H, L91I, or P92E, similar to V88A induced a protection against 325 
TRIM5α (Fig. S5B). Together, these findings show that residue 88 in the CYPA binding loop 326 
of capsid is a unique determinant of TRIM5α restriction in pandemic and non-pandemic 327 
HIV-1. Other CYPA loop residues in non-pandemic HIV-1 may be additionally important. 328 
 329 
Pandemic and non-pandemic HIV-1 capsids bind CYPA.  330 
With the observed differences in capsid CYPA loop between M and non-M HIV-1s (Fig. 1F), 331 
we wanted to test whether all four viruses interact with CYPA similarly. Using a GST-tagged 332 
CYPA, we assessed CYPA-capsid interaction in pulldown experiments. Immunoblots of 333 
these precipitations found similar levels of capsid protein for all four HIV-1s (Fig. 2E). In 334 
addition, we found that CYPA is packaged in virions of pandemic and non-pandemic HIV-1s 335 
(Fig. 2F). To understand if these viruses package similarly CYPA, we exposed them to 336 
increasing amounts of cyclosporine A (CsA), a drug that binds CYPA and prevents CYPA 337 
interaction with capsid. The dose-dependent reduction of CYPA packaging showed a small 338 
difference between HIV-1 M and the non-pandemic HIV-1s. A CsA dose of 1 µM reduced 339 
virion-associated CYPA by around 70% in the context of non-M HIVs, as opposed to only 340 
40% by HIV-1 M, possibly suggesting differences in CYPA binding strength between 341 
capsids of these viruses (Figs. 2F, G). 342 
 343 
Cyclophilin A decreases the isomerization barrier the most for HIV-1 M wild type and 344 
variants that are protected against TRIM5α. 345 

To address the question if the binding of CYPA to HIV-1 capsid has different effects between 346 
the pandemic HIV-1 M versus HIV-1 N, HIV-1 O, HIV-1 P, or variants of HIV-1 types, we 347 
performed potential of mean-force (PMF) computations of the isomerization reaction 348 
catalyzed by CYPA. HIV-1 P was not considered because the loop composition is as in HIV-349 
1 N. The isomerization occurs between the trans and cis conformations of the peptide bond 350 
formed by residues G89 and P90 in the CYPA binding loop of the capsid (36). The 351 
conformational change is characterized by the torsion angle ω (trans: ω = 180°, cis: ω = 0°; 352 
Figs. 3A, B). The PMF is the free energy change during the isomerization evaluated along the 353 
reaction coordinate ω (Fig. 3C); the PMF describes an average over the conformations of the 354 
surrounding protein residues and solvent molecules, such that the effect of other CYPA 355 
binding loop residues that vary among different HIV-1 clades is considered. 356 

We computed PMFs of the isomerization in the presence and absence of CYPA and 357 
calculated the free energy difference ΔGt,c as the difference between the PMF values for the 358 
trans and cis conformations (Fig. S5, Table S2, Fig. 3D) as well as the barrier height ΔG#

tc 359 
as the difference between the PMF values for the trans conformation and the maximal value 360 
at ω  90° (Fig. S5, Table S3, Fig. 3D). 361 

In the absence of CYPA, ΔGt,c ≈ 1.7 to 2.3 kcal mol-1 for the WT systems (Fig. S6, Table 362 
S2), indicating that the trans conformation of the peptide bond between residues G89 and 363 
P90 is preferred over the cis conformation by ~95 : 5 in line with NMR experiments (36). 364 
This indicates that the energetic description of the states at the minima is appropriate, 365 
confirming previous work (60). 366 
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In the presence of CYPA, the barrier height ΔG#
tc decreases in all WT systems by 1.7 – 2.9 367 

kcal mol-1 compared to the absence of CYPA (Fig. 3D, Fig. S6, Table S3), indicating a faster 368 
isomerization when catalyzed by CYPA, as expected. The decrease of ΔG#

tc is the largest 369 
for HIV-1 M, indicating that the isomerization is most accelerated by CYPA for HIV-1 M, 370 
which is protected against TRIM5α (Fig. 1), and that it is ~5-10 fold faster for HIV-1 M than 371 
for the other WT systems, which are not protected (Fig. 1).  372 

As to variants, HIV-1 M A88V is not protected, and its behavior differs from the WT in the 373 
presence of CYPA: The trans conformation is more favorable, and the isomerization barrier 374 
is comparable to that in solution (Fig. S6, Tables S2 and S3). This may be caused by V88 375 
sticking into the hydrophobic surface of CYPA, which hampers the isomerization (Fig. S7). 376 
Notably, variants HIV-1 N L91I and P87H, which become protected against TRIM5α in 377 
contrast to the WT (Fig. S5B), show decreases in ΔG#

tc in the presence of CYPA that are as 378 
large as or comparable to that in HIV-1 M. The reverse mutation in HIV-1 M, I91L, keeps 379 
the variant protected (Fig. S5A) and, analogously, the decrease in ΔG#

tc is the fourth largest. 380 

Overall, the magnitude of the decrease in ΔG#
tc in the presence of CYPA allows for an 381 

almost perfect ordering of the investigated HIV-1 types and variants, with protected ones 382 
showing generally the largest decreases (Fig. 3D). The change in ΔGt,c would not allow such 383 
an ordering. Although the quantitative relation of barrier heights derived from PMFs to 384 
kinetics requires caution (61), this finding suggests that the kinetics of the trans/cis 385 
isomerization plays a decisive role in the protective effect of CYPA for HIV-1 M. 386 

 387 
Rhesus TRIMCyp inhibits non-M HIVs.  388 
TRIMCyp proteins differentially halt retroviral infection through the binding of their CYPA 389 
domain to capsid CYPA binding loop, early during infection, this inhibition can be blocked 390 
by cell treatment with CsA (26). For instance, owl monkey TRIMCyp is active against HIV-1 391 
but not HIV-2 and rhTRIMCyp from rhesus macaques (rh) inhibits HIV-2 but not HIV-1 M 392 
(18, 41). In rhTRIMCyp, CYPA differs from human CYPA by two residues, the CYPA in 393 
rhTRIMCyp has N66 and H69 while human CYPA has D66 and R69 (62). It was shown that 394 
HIV-1 M’s resistance and HIV-1 O’s inhibition by rhTRIMCyp were due to the presence of 395 
N66 and H69 in this CYPA domain (59). To further understand if rhTRIMCyp or a variant in 396 
which we reversed the two residues to D66 and R69 have differential antiviral activity to 397 
pandemic and non-pandemic HIV-1, we generated cell lines expressing WT rhTRIMCyp or 398 
its CYPA mutants N66D, H69R, N66D-H69H (Fig. 4A). We challenged such cells with HIV-399 
1 M, HIV-1 N, HIV-1 O, HIV-1 P and SIVgor. As expected, rhTRIMCyp did not reduce the 400 
infectivity of HIV-1 M, but strongly inhibited HIV-1 O (58). In addition, all other viruses, 401 
HIV-1 N, HIV-1 P, SIVgor were also strongly inhibited in cells expressing rhTRIMCyp by or 402 
more than 90% (Figs. 4B, C and Fig. S8). TRIMCyp with a human identical CYPA domain 403 
(N66D H69R, DR), recognized pandemic and non-pandemic viruses and displayed strong 404 
antiviral activity, further indicating that human CYPA interacts with all tested viruses. 405 
Mutating only residue H69R (NR) in rhTRIMCyp caused a complete loss of antiviral activity 406 
against HIV-1 N and HIV-1 O, in addition to remaining inactive against HIV-1 M. However, 407 
HIV-1 P and SIVgor were still inhibited by around 50%. In contrast, mutating N66 to the 408 
human D in rhTRIMCyp (DH mutant), generated an antiviral protein that inhibited efficiently 409 
all viruses (Figs. 4B, C and Fig. S8). Previous data suggested that capsid residue 88 in the 410 
CYPA binding loop mediates differential interaction of HIV-1 M and O with rhTRIMCyp 411 
(59). The mutations in residue 88 reversed the resistance of HIV-1 M and the sensitivity of 412 
HIV-1 N, HIV-1 O and HIV-1 P to rhTRIMCyp (Figs. 4B, C). The non-pandemic HIVs with 413 
capsid mutations at position 88 were still sensitive to antiviral activity of TRIMCyp.DR, as 414 
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was HIV-1 M A88V (Fig. 4B). The HIV-1 M G89V, was predictably not inhibited by any 415 
TRIMCyp protein, likely because the G89V mutation prevented the interaction of TRIMCyp 416 
(Fig. 4B). These data suggest that the human CYPA domain in TRIMCyp proteins and likely 417 
free CYPA can recognize the incoming viral cores of non-pandemic HIV-1s. 418 
 419 
Pandemic and non-pandemic HIVs show different dependencies on CYPA. 420 
To test whether the depletion of CYPA affects pandemic and non-pandemic HIVs differently, 421 
a CYPA knockdown in U-87 MG cells and huTRIM5α KO U-87 MG using the 422 
CRISPR/Cas9 system was done (Fig. 5A). CYPA knockdown in WT cells was associated 423 
with a strong and significant inhibition of HIV-1 M infectivity by up to 86%, and while the 424 
TRIM5α KO generated infections comparable to WT cells, the cells that lost TRIM5α and 425 
additionally CYPA expression were unexpectedly less infectable than WT or TRIM5α KO 426 
cells, suggesting that CYPA function for HIV-1 M is beyond protection against TRIM5α 427 
(Fig. 5B). Non-M HIVs and SIVgor were also tested in such conditions. The CYPA KD 428 
affected the non-pandemic HIVs less than HIV-1 M and caused only 50% inhibition. In 429 
further contrast to HIV-1 M, cells with no TRIM5α and no CYPA were much better 430 
infectable than the TRIM5α KO cells by the non-pandemic HIV-1s (Figs. 5C, E). Infection 431 
with SIVgor differed from all HIV-1s and was not affected by CYPA KD in WT or TRIM5α 432 
KO cells, demonstrating that the CYPA KD did not impair cell vitality (Fig. S9A). 433 
In an additional approach, we tested CsA treatment of cells in infection experiments. 434 
Increasing levels of CsA (0.1 µM to 10 µM) inhibited up to 91% of infection by HIV-1 M in 435 
WT U87 MG cells (Fig. 5F). In WT cells treated with 1 µM CsA, HIV-1 N was inhibited by 436 
41%, HIV-1 O by 57%, HIV-1 P by 66%, while HIV-1 M’s infectivity was decreased by 437 
74%. Interestingly, high CsA concentrations had no further effect on infections by HIV-1 N 438 
and HIV-1 O but inhibited 77% of HIV-1 P (Fig. 5F). As expected, SIVgor did not react to 439 
CsA treatment of WT U-87 MG cells (Fig. S9B). Predictable, in CYPA-depleted cells, CsA 440 
treatment lost almost all its antiviral activity and only HIV-1 M showed some mild inhibition 441 
using 10 µM CsA (Fig. 5G). In TRIM5α KO cells, CsA treatment inhibited only HIV-1 M 442 
but had no effect on non-M HIVs, mirroring data obtained with CYPA KD (Fig. 5H). In 443 
CYPA and TRIM5α double depleted cells, CsA had no significant inhibitory activity against 444 
any virus tested, suggesting that CsA itself does inhibit these viruses (Fig. 5I, Fig. S9B). 445 
Together, these data suggest that the non-pandemic HIV-1s have a weak and partial 446 
protection against TRIM5α by its CYPA binding. 447 
 448 
 449 
Discussion 450 
The reason(s) why non-M HIVs did not extensively spread in the human population 451 
remain(s) elusive. Some reports have pointed out differences in GAG capsid sequences but 452 
also differences in the functional activity of viral accessory proteins (63, 64). Here, we found 453 
that non-pandemic HIV-1 are subject to restriction by human TRIM5α. While it was shown 454 
that CYPA forms a protective layer around the viral core of HIV-1 M to prevent destruction 455 
by human TRIM5α (20, 21), the CYPA interaction with non-pandemic HIV-1 N, O and P 456 
does not protect strongly against TRIM5α.  457 
Our data demonstrate that the non-pandemic HIV-1s interact with and bind CYPA to a level 458 
that appears similar to the level of binding of HIV-1 M. Surprisingly, our findings show that 459 
the viral capsid CYPA binding loop determines the different sensitivities to TRIM5α of HIV-460 
1 M and the non-pandemic HIV-1s. A recent report (65) has suggested capsid residues, such 461 
as residue at position 50, as important for differential sensitivity to TRIM5α by HIVs. Our 462 
findings suggest that more than one region of the capsid is involved in the regulation of 463 
TRIM5α activity. Thus, we postulate that not the binding of CYPA itself, but the nature of 464 
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CYPA capsid interaction is a regulator of TRIM5α sensitivity. Despite an identical GP motif 465 
in capsid CYPA binding loops in pandemic and non-pandemic HIV-1s, these viruses engage 466 
CYPA differently, suggesting an important role from other residues of the CYPA binding 467 
loop.  468 
Moreover, a rescue of infection of non M HIV-1s, when their capsids were specifically 469 
mutated at position 88 or when the CYPA domain of rhTRIMCyp was mutated at position 66 470 
or 69, shows the importance of the capsid CYPA binding loop for such restriction by 471 
rhTRIMCyp, as previously shown for HIV-1 M, HIV-1 O, and HIV-2 (18, 59). It is possible 472 
that the presence of valine (HIV-1 N and HIV-1 P capsid) or methionine for HIV-1 O at 473 
position 88 of the capsid, as opposed to alanine in the HIV-1 M, changes capsid conformation 474 
and allows availability of the loop to other host factors like TRIM5α, in addition to CYPA 475 
binding. This may restrict non-M HIVs by TRIM5α, but this hypothesis will need 476 
clarification.  477 
 478 
Based on our study results, we postulated that the CYPA trans/cis isomerization activity on 479 
the capsid G89-P90 peptide bond (36, 61) differs between HIV-1 M and non-pandemic HIVs 480 
and that this difference changes the binding strength of TRIM5α in an unknown way that 481 
may involve allostery (35). This hypothesis is supported by the PMF computations of the 482 
isomerization reaction. The capsid binding sites for TRIM5α are still ill-defined, although it 483 
is known that the binding involves the capsid CYPA binding loop (13). In crystal structures, 484 
the loop of HIV-1 M is in the trans conformation in the presence of CYPA, whereas the loop 485 
in HIV-1 O is in the cis conformation in the presence of CYPA (61). It is not known which of 486 
the conformations is preferred under native conditions. However, TRIM5α should bind 487 
neither too strongly nor too weakly to the HIV-1 capsid to build an antiviral scaffold around 488 
the core (66). Considering that in G-P peptides the trans conformation prevails according to 489 
crystal structure (67) and NMR spectroscopy (68) analyses, our results lead us to speculate 490 
that a faster isomerization process might lead to reaching a higher proportion of cis 491 
conformation faster in the CYPA binding loop, which might affect TRIM5α binding. This 492 
would be most relevant for HIV-1 M. In turn, and, in line with this, in the HIV-1 M A88V 493 
capsid mutant in the presence of CYPA, the isomerization barrier remains unchanged and 494 
almost as high as in the other HIV-1 WT in solution, which might explain why this variant 495 
does not show resistance against TRIM5α anymore. This would also explain why non-M 496 
HIV-1s with valine or methionine are also inhibited by TRIM5α. The magnitude of the 497 
decrease in the isomerization barrier in the presence of CYPA allows for an almost perfect 498 
ordering of all HIV-1 types and variants investigated in PMF computations, with protected 499 
ones showing generally the largest decreases, suggesting that the kinetics of the trans/cis 500 
isomerization plays a decisive role in the protective effect of CYPA for HIV-1 M. 501 
 502 
The non-pandemic HIV-1s likely face several restrictions in human cells that slow a rapid 503 
adaptation. Ala88 is conserved in different HIV-1 M isolates, and Val in the few cases of 504 
HIV-1 N and HIV-1 P. However, HIV-1 O isolates show more variability and there are 505 
viruses that have at position 88 Val, Met, or Ile (Fig. S3). SIVgor, the ancestor virus of HIV-506 
1 O and HIV-1 P has also Val at position 88 and shows similar restriction by human TRIM5α 507 
(Fig. S1). SIVcpz is escaping human TRIM5α likely by its A88. Therefore, the generation of 508 
HIV-1 M was not restricted by human TRIM5α. It is, however, puzzling to understand why 509 
in the generation of HIV-1 N the A88 changed to V88. As we show in Figs. 2B and S4, HIV-510 
1 M with an A88V mutation has higher infectivity in cells lacking TRIM5α compared to WT 511 
virus. Thus, HIV-1 N may have evolved in an environment with reduced antiviral TRIM5α 512 
activity. 513 
 514 
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  692 
 693 
 694 
Figure legends 695 
Fig. 1. TRIM5⍺ depletion in human U-87 MG cells increases non-M HIVs infection in a 696 
capsid CYPA binding loop dependent way. (A) Immunoblot of WT and TRIM5⍺ KO U-87 697 
MG cells. Anti-TRIM5 antibody was used to detect TRIM5α; anti-GAPH antibody was used 698 
to ensure equal protein loading. (B) WT or TRIM5⍺ KO U-87 MG cells were infected with 699 
equal amounts of luciferase reporter viruses for HIV-1 M, HIV-1 N, HIV-1 O, HIV-1 P, 700 
SIVcpzPtt, SIVcpzPts and EIAV. Two to three days later, luciferase activity was measured, 701 
infection of KO cells was normalized to infection of WT cells. (C) HIV-1 N, HIV-1 O or 702 
HIV-1 P capsids were cloned in HIV-1 M gag-pol as replacements for its WT capsid. (D) 703 
HIV-1 M gag-pol with capsid of either HIV-1 N, O or P were tested in WT and TRIM5⍺ KO 704 
U-87 MG cells. Two to three days after infection, luciferase activity was measured; infection 705 
of KO cells was normalized to infection of WT cells. (E) Protein sequence alignment of 706 
CYPA binding loop (box) regions of capsids of HIV-1 M, N, O and P and HIV-2. (F) Using 707 
their respective gag-pol constructs, CYPA binding loop from HIV-1 N or HIV-1 O were 708 
introduced in HIV-1 M gag-pol and HIV-1 M CYPA binding loop was transferred to HIV-1 709 
N and HIV-1 O gag-pol. These CYPA loop mutants were then used to infect WT or TRIM5⍺ 710 
KO U-87 MG cells for two to three days, Luciferase activity was measured, infection of KO 711 
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cells was normalized to infection of WT cells. All experiments were repeated for a minimum 712 
of three times.  713 
 714 
Fig. 2. Capsid residues 88 and 89 mediates susceptibility to huTRIM5⍺. (A, B) A88V and 715 
G89V capsid mutations for HIV-1 M, (C, D) V88A for HIV-1 N, M88A for HIV-1 O and 716 
V88A mutation for HIV-1 P were introduced in their respective gag-pol constructs. WT and 717 
capsid mutants were tested in infections of WT or TRIM5⍺ KO U-87 MG cells. Infection of 718 
mutant viruses was normalized to infection of corresponding WT virus. (E) GST-pulldown of 719 
CYPA (CYPA-GST) with capsid proteins of HIV-1 M, N, O or P. GST: GST not fused to 720 
CYPA. Viral lysates and GST-tagged CYPA protein lysates were specifically incubated 721 
together with GST Sepharose beads. The eluate was subjected to immunoblotting to detect 722 
viral p24 (capsid) and GST-tagged CYPA (pulldown). Cell and viral lysates were also loaded 723 
as inputs for GST-tagged CYPA and p24, respectively. (F) Immunoblot of viral particles and 724 
corresponding virus producer cells. The level of CYPA packaged by virions was analyzed by 725 
anti-HA staining (for CYPA-HA), virus was confirmed by anti-p24 (capsid) antibody 726 
staining, anti-tubulin was used to confirm equal amounts of cell lysates loaded. Cells were 727 
treated with cyclosporine A (CsA) from 0 to 2.5 µM. (G) The amount of packaged CYPA in 728 
relation to the used CsA dose was quantified using ImageJ. 729 
 730 
Fig. 3. Cyclophilin A binds to the CYPA binding loop of HIV-1 M capsid, where it can 731 
exert cis/trans isomerase activity at the G89-P90 ω dihedral (36) (A) Overview of the 732 
simulated complex. CYPA (shown in gray) binds to the CYPA binding loop (orange) on the 733 
surface of the HIV-1 capsid. Monomers are colored differently; the region in the black box is 734 
shown as a blowup in panel (B). (B) Close-up view of the CYPA binding loop. The ω 735 
dihedral between residues G89 and P90 (shown as sticks) is marked, evaluated as the angle 736 
between the normals on the planes formed by the atoms (Cα(G89), C(G89), N(P90)) and 737 
(C(G89), N(P90), Cα(P90)). (C) Potential of mean force (free energy profile) along the ω 738 
dihedral of G89-P90 in HIV-1 M wild type with or without CYPA. The height of the energy 739 
barrier for the transition from the trans (180°) to the cis (0°) conformation is marked with a 740 
black line. HIV-1 M capsid without CYPA (red triangle) has a higher isomerization barrier 741 
than HIV-1 M bound to CYPA (orange triangle). The height of the free energy difference 742 
between trans (180°) and cis (0°) conformation is marked with a grey line. HIV-1 M capsid 743 
without CYPA (red circle) has a lower free energy difference than HIV-1 M bound to CYPA 744 
(orange circle). (D) Barrier heights (ΔG#

tc, triangles) and free energy differences (ΔGt,c, 745 
circles) from the potential of mean force computations for the cis/trans isomerization of the 746 
ω angle between G89 and P90 (Fig. S4). The HIV-1 types and variants are sorted from top to 747 
bottom according to the decrease in ΔG#

tc in the presence of CYPA. 748 

 749 
Fig. 4. Wildtype, N66D, H69R or N66D-H69R mutations in CYPA domain of 750 
rhTRIMCyp or capsid mutations at position 88 affect rhTRIMCyp antiviral activity in 751 
a virus-dependent way. (A) Immunoblot of CrFK cells expressing rhTRIMCyp or its 752 
mutants with N66D (rhTRIMCyp.N66D) or H69R (rhTRIMCyp.H69R) or N66D-H69R 753 
(rhTRIMCyp.N66D.H69R). (B, C) CrFK cells expressing WT or mutated rhTRIMCyps were 754 
infection by luciferase reporter viruses from HIV-1 M, N, O or P or their capsid mutants at 755 
position 88. Two to three days after infection, cells were lysed, and luciferase activity was 756 
measured. Infectivity of each virus on control cells expressing the empty vector (vector) were 757 
used as reference. NH: rhTRIMCyp with N66 and H69 in CYPA domain, DH: rhTRIMCyp 758 
with N66D mutation in CYPA, NR: rhTRIMCyp with H69R mutation in CYPA, DR: 759 
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rhTRIMCyp with N66D and H69R mutations in CYPA. All experiments were done at least 760 
three times in triplicates.  761 
 762 
Fig. 5. CYPA knockdown (KD) and CYPA, TRIM5⍺ double depletion differentially 763 
affect infection by HIV-1 M, N, O and P. (A) Immunoblot of CYPA KD in WT and in 764 
TRIM5⍺ knockout (KO) U-87 MG cells. CYPA expression was detected by anti-CYPA 765 
antibodies and GAPDH detection served as control for equal protein loading. (B-E) WT and 766 
TRIM5⍺, CYPA, and double KO U-87 MG cells were infected by HIV luciferase reporter 767 
viruses from different groups M, N, O or P for 48 to 72 hrs and luciferase activity was 768 
measured. Infection of mutated cells were normalized to infection of WT (vector) cells. (F-I) 769 
HIV luciferase reporter viruses from groups M, N, O or P infection, in the presence of 770 
increasing amounts of cyclosporine A (CsA), of (F) WT U-87 MG cells, (G) CYPA KD U-87 771 
MG cells, (H) TRIM5⍺ KO U-87 MG cells, and (I) CYPA KD - TRIM5⍺ KO U-87 MG 772 
cells. Two to three days later, luciferase activity was assessed, and data analysis was done in 773 
comparison to control infection. All experiments were repeated at least three times 774 
independently with similar findings. 775 
 776 
 777 
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