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ABSTRACT TRIM5a polymorphism in rhesus macaques (RM) limits the genetic pool
of animals in which we can perform simian immunodeficiency virus (SIV) studies
without first screening animals for permissive TRIM5a genotypes. We have previously
shown that polymorphisms in the TRIM5a B30.2/SPRY domain impact the level of
SIVsmm viremia in RM and that amino acid substitutions (P37S/R98S) in the capsid
N-terminal domain (CA-NTD) enables the virus to overcome restriction in RMs with
the restrictive homozygous TRIM5aTFP/TFP genotype. Since this genotype also negatively
impacted the development of central nervous system (CNS) lesions in animals infected
with the parental source of CL757, we sought to generate a TRIM5aTFP/TFP-resistant clone,
SIV-804E-CL757-P37S/R98S (CL757-SS), using a similar strategy. Unexpectedly, viral repli-
cation of CL757-SS was impaired in RMs with either the permissive TRIM5aTFP/Q or the
restrictive TRIM5aTFP/TFP genotype. Analysis of the virus which emerged in the latter ani-
mals led to the discovery of a preexisting mutation relative to other SIVs. This P146T
substitution in a conserved disordered linker region in the C-terminal domain of capsid
(CA-CTD) has been shown to inhibit proper formation of HIV-1 capsid particles.
Restoration of this residue to proline in the context of the TRIM5a-SS escape mutations
not only restored viral replication, but also enhanced the infectivity of our previously
reported neurotropic clone, even in RMs with permissive TRIM5a genotypes.

IMPORTANCE SIV infection of rhesus macaques has become a valuable model for the
development of AIDS vaccines and antiretroviral therapies. Polymorphisms in the
rhesus macaque TRIM5a gene can affect SIV replication, making it necessary to ge-
netically screen macaques for TRIM5a alleles that are permissive for SIV replication.
This limits the pool of animals that can be used in a study, thereby making the ac-
quisition of animals needed to fulfill study parameters difficult. We have constructed
a viral clone that induces neuroAIDS in rhesus macaques regardless of their TRIM5a
genotype, while also highlighting the important role the disordered linker domain
plays in viral infectivity.
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Simian immunodeficiency virus (SIV)-infected rhesus macaques (RM) have served as
an important model for HIV/AIDS pathogenesis. The HIV epidemic is the result of

cross-species transmission of SIV from nonhuman primates (NHP) to humans despite
the many restriction factors that exist in humans to block SIV transmission (1, 2). What
makes rhesus macaques a desirable model for HIV/AIDS pathogenesis studies is that,
once infected with SIV, their disease progression is similar to that of HIV-infected
patients, consisting of robust and chronic viral replication and depletion of CD41 T
cells, which leads to immunodeficiency and opportunistic infections (3). Clinical out-
comes vary in HIV-infected individuals in part due to genetic differences in the host
immune response, including major homology class I (MHC-I) genes and interferon-in-
ducible, intrinsic restriction factors such as APOBEC3G and tripartite motif-containing
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protein 5a (TRIM5a). The latter genes also are implicated as barriers to cross-species
transmission (2, 4–13). Indeed, TRIM5a was first identified as the protein responsible for
host restriction of HIV-1 in rhesus macaque cells. TRIM5a dimers create a lattice around
the lentiviral capsid, which results in disassociation of the viral core prior to reverse tran-
scription (14). While polymorphisms in human-TRIM5a do not appear to impact disease
progression in HIV-infected patients, polymorphisms in the rhesus-TRIM5a gene have
been shown to influence SIVsmm replication in rhesus macaques (8, 9). All domains of
TRIM5a are required for retroviral restriction activity, but the B30.2/SPRY (SPRY) domain
is required for specific recognition of capsid (15–21). Insertions or deletions in the SPRY
domain are associated with differences in inhibition of SIV viral kinetics in the macaque.
Although there are numerous polymorphisms in rhesus TRIM5a, these can be summar-
ized into three functional TRIM5a alleles which differ in the SPRY domain and have been
designated TRIM5aQ, TRIM5aTFP, and TRIM5aCyp (22, 23). Of these three alleles, TRIM5aQ

is permissive for SIVsmm viral replication, whereas TRIM5aCyp and TRIMTFP are both re-
strictive. In SIVsmmE543-3 (E543-3)-infected RMs, the viral loads in animals with
TRIM5aTFP/TFP and TRIM5aTFP/Cyp genotypes were 2 to 3 logs lower than those in RMs with
at least one permissive TRIM5aQ allele (8). E543-3 escaped restriction after passage
through macaques with the restrictive TRIM5aTFP/TFP genotype. Two single amino acid
mutations, P37S and R93S, found in the capsid N-terminal domain (CA-NTD), as well as
amino acid substitutions 87 to 91 in the CypA binding loop (GPLPA), also in the CA-NTD,
were identified as being associated with escape from TRIM5aTFP and TRIM5aCyp alleles,
respectively (8). Introduction of the P37S and R93S amino acid substitutions to E543-3
and the related viral strain SIVsmmE660 (E660) allowed for better virus acquisition and
more efficient replication in the presence of the restrictive TRIM5aTFP/TFP genotype follow-
ing repetitive intrarectal challenge (24).

We recently derived an infectious clone, SIVsmm804E-CL757 (CL757), which induces
neuroAIDS in 50% of RMs 6 to 12 months after intravenous inoculation (25). As with
both E543-3 and E660, TRIM5aTFP/TFP negatively impacted virus replication and ulti-
mately the development of neuroAIDS in RMs inoculated with the uncloned parental
strains used to derive CL757 (12). Therefore, RMs were screened for the absence of the
TRIM5aTFP/TFP genotype, and only animals that were either heterozygous or homozy-
gous for the permissive TRIM5aQ allele were inoculated.

In this current study, we introduced the P37S and R93S (SS) single amino acid muta-
tions to our neurotropic clone, CL757. After addition of the SS mutations to the capsid
of the neurotropic clone (CL757-SS), we intravenously inoculated naive Indian RMs that
were homozygous for TRIM5aTFP/TFP as well as animals heterozygous for TRIM5aTFP/Q as
controls. We anticipated that the SS substitutions would have a neutral impact on viral
kinetics in the permissive TRIM5aTFP/Q RM but would rescue virus replication in the re-
strictive TRIM5aTFP/TFP animals. Unexpectedly, we observed marked impairment of viral
replication in all animals inoculated with the CL757-SS virus, although virus eventually
emerged at later time points postinoculation. We therefore investigated the capsid
sequences of these escape variants. Sequence analysis of emerging viruses led to the
discovery of a previously overlooked substitution in CL757-WT (wild type) capsid rela-
tive to all other SIV isolates. This amino acid was the target of site-specific substitutions
in virus emerging from animals inoculated with CL757-SS. Interestingly, this substitu-
tion in CL757-WT, P146T, lies in a highly conserved disordered linker domain of SIV-
capsid which has been shown to be critical for the proper formation of the HIV-1 cap-
sid structure (26, 27). Our study investigated the role of this unique capsid substitution
in the context of TRIM5a-escape substitutions, with the goal of producing a clone ca-
pable of robustly replicating and uniformly inducing neuroAIDS in macaques of all
TRIM5a genotypes. This clone is of considerable interest to the HIV CURE field, since it
would be useful for studying the effect of antiretroviral therapy (ART) on the viral reser-
voir in the central nervous system. Clearly, the feasibility of such studies would be
improved if TRIM5a genotyping could be avoided; thus, our goal was to generate a
variant of CL757 that would not be significantly impacted by TRIM5a restriction.
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RESULTS
SS capsid mutations debilitate CL757 viral kinetics in vivo. The purpose of this

study was to generate a variant of our neurotropic CL757 clone with improved viral
replication and neuroAIDS induction in rhesus macaques (RM) with the restrictive
TRIM5aTFP/TFP genotype. Prior studies have been successful in overcoming TRIM5aTFP/TFP

restriction by the substitution of serines at positions 37 and 98 in the viral capsid; there-
fore, we chose to introduce these substitutions into CL757 to generate CL757-P37S/R98S
(CL757-SS). This strategy was successful in E660 despite additional substitutions in the
cyclophilin A binding loop of capsid relative to E543-3, so we were confident that similar
substitutions in the CL757 capsid were unlikely to interfere with this strategy.

We chose to compare the viral kinetics from a historical study in which RMs with at
least one permissive TRIM5aQ allele were infected with CL757-WT (wild type; n = 8)
(Fig. 1A) (25). As the first control group, RMs with the TRIM5aTFP/TFP genotype (n = 9)
were inoculated with CL757-WT (Fig. 1B); for the second control group, RMs with
TRIM5aTFP/Q genotype (n = 4) were inoculated with CL757-SS (Fig. 1C); and for the test
group (n = 9), RMs with TRIM5aTFP/TFP were inoculated with CL757-SS (Fig. 1D).

The reference group (CL757-WT-infected-TRIM5aQ/Q, TRIM5aQ/Cyp, and TRIM5aQ/TFP

RMs [TRIM5aQ/X]) showed the typical viral kinetics that have been observed for many
other SIV clones (Fig. 1A): acute viral peaks at around 107 RNA copies/mL (Fig. 1E) at
2 weeks postinfection (Fig. 1F), with establishment of a set point starting by 8 to
12 weeks. RMs of the restrictive TRIM5aTFP/TFP genotype inoculated with CL757-WT
exhibited similar viral kinetics (Fig. 1B); however, the acute peak viral load was 1 to 2
logs lower and was slightly delayed compared to that in RMs from the permissive

FIG 1 In vivo replication kinetics of CL757-SS in both TRIM5aTFP/Q and TRIM5aTFP/TFP rhesus macaques (RM) is
severely delayed. (A) Historical animals with TRIM5aTFP/Q infected with CL757-WT are being used as a reference
group for viral kinetics (n = 8). (B) First control group is macaques with TRIM5aTFP/TFP inoculated with CL757-WT
(n = 3). (C) Second control group consists of TRIM5aTFP/Q RMs infected with CL757-SS (n = 4). (D) The test
group is TRIM5aTFP/TFP RMs infected with CL757-SS (n = 9). Bolded lines represent average replication curves for
each group. (E) Comparison of acute plasma viral load levels for each animal group. (F) Week at which virus
first emerged for each animal in their respective groups. Red color indicates CL757-WT-infected animals and
blue indicates for CL757-SS-infected animals. Solid lines, circles, and squares indicate TFP/Q and Q/X RMs.
Dashed lines, open squares, and open circles indicate TFP/TFP RMs.
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TRIM5aQ/X reference group (Fig. 1E). This difference is presumably due to the restrictive
nature of the homozygous TFP genotype. We then evaluated the effect of introducing
SS mutations into the capsid of CL757 following intravenous inoculation of CL757-SS
into RMs with a permissive TRIM5aTFP/Q genotype (n = 4) (Fig. 1C) and RMs with a re-
strictive TRIM5aTFP/TFP genotype (n = 9) (Fig. 1D). The introduction of the SS mutation
should have rescued viral kinetics in the TRIM5aTFP/TFP RMs and have no effect on virus
replication in permissive TRIM5aTFP/Q RMs. However, we instead observed a significant
delay in viral emergence and a loss of an acute viral peak even in the supposedly per-
missive TRIM5aTFP/Q RMs (Fig. 1C and E), and an even more severe delay of viral emer-
gence and the near absence of acute viral peak in TRIM5aTFP/TFP RM infected with
CL757-SS (Fig. 1D and E). The delay in emergence of virus in plasma ranged from 8 to
45 weeks following inoculation (Fig. 1F). This pattern of viral kinetics is characteristic of
an initial significant block to viral replication and the subsequent generation of escape
mutations.

Identification of a T146P mutation in the SIV-CL757 capsid.We examined the vi-
ral capsid sequence in plasma virus of RM inoculated with CL757-SS to confirm the per-
sistence of the SS substitutions and identify escape mutations that could be responsi-
ble for the late emergence of virus. We first evaluated CL757-SS-infected TRIM5aTFP/TFP

macaques, as these animals had the most severe delay in virus emergence (Fig. 1F).
Viral RNA was isolated from plasma on the day of recorded viral emergence from each
animal. Bulk sequencing confirmed the retention of the SS mutation in the viral capsid;
however, a consistent mutation relative to CL757-WT appeared at position 146 in the
capsid (Fig. 2A). Thr-146 had changed to Pro in every RM except for H905, which
instead had the substitutions Val-149 and Iso-175 on either side of the major homol-
ogy region (MHR) (Fig. 2A). This analysis is consistent with a neutral to beneficial
impact of the SS substitutions in TRIM5aTFP/TFP macaques but a deleterious effect of
Thr146, at least in the context of the SS substitutions. Analysis of macaques with the
permissive TRIM5a genotype (CL757-SS-infected TRIM5aTFP/Q RMs) showed a mixed
outcome for the inserted SS mutation. Two of the animals sequenced retained the SS
mutation and showed similar escape mutants, P146 for animal H906, and mutations in
and around the MHR for animal H907 (Fig. 2B), like the substitutions seen in RM with a
restrictive TRIM5a genotype. However, the other two animals showed either a com-
plete loss of the SS mutation (H908) or a retention of the S-98 mutation and the escape
mutation at position 146 with either Ala or Ser in place of the Thr. Overall, these data
suggested that the SS mutations were neutral or deleterious in the context of CL757 in
RMs with permissive TRIM5a and that the T146 was the focus of escape mutations.

We next evaluated peak plasma viral sequences in CL757-WT-inoculated, restrictive
TRIM5aTFP/TFP RMs. These samples showed the same escape mutation appearing at
position 146 of the capsid in H898 (Fig. 2C). The pattern of escape mutations was com-
plex and influenced by the presence or absence of the SS substitutions as well as by
the TRIM5a genotype of the animal. However, this evidence supports what we already
know about the restrictive nature of the TFP/TFP allele: the SS substitutions have a pos-
itive influence on viral replication in CL757-WT-infected RMs with restrictive TRIM5a
genotypes. However, in the context of Thr at position 146, virus replication was
impaired, forcing an escape mutation, Thr to Pro, to appear at position 146. The
changes to capsid that we had observed in the CypA-binding region of CL757-WT
were unaltered in any of the present study animals.

An alignment of the HIV capsid gene and various SIV strains showed that position
146 of the SIV capsid is a conserved proline (Fig. 3A). It has been previously demon-
strated that HIV Pro-147 is part of a disordered linker domain which connects the HIV
capsid N-terminal domain (CA-NTD) and the capsid C-terminal domain (CA-CTD) (26,
27). Mutations in this domain can result in improper formation of the capsid, leading
to a reduction in the number of viable virions produced, and SIV shares a similarly bio-
logically active linker region with HIV (28). The presence of Thr-146 is presumably an
error that arose during PCR and cloning, since bulk sequence analysis of the virus
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FIG 2 Partial capsid alignments from plasma virus isolated at time of emergence from each animal, aligned with the respective
inoculum. Alignment of capsid mutations found in macaques infected with either CL757-WT or CL757-SS. (A) Test group: CL757-SS-

(Continued on next page)
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isolate that was the source of the CL757 cloned, SIVsmm804E (12), showed that this
isolate and additional clones from it encoded a Pro at this site (data not shown).
Therefore, what we initially thought was an escape mutation at position 146 appears
to be a reversion of a potential PCR error in the original CL757-WT clone. The func-
tional significance of this substitution only became apparent in the context of the SS
mutations introduced to remove restriction by TRIM5a.

Correction of linker mutation restores viral kinetics in vitro and in vivo. Based
on the pattern of escape mutations, we restored the linker error in both CL757-WT and
CL757-SS clone from T146 back to the highly conserved P146 (CL757-WT-P and CL757-
SS-P) found in other SIV clones (Fig. 3B) and first examined viral kinetics in vitro. Using
peripheral blood mononuclear cells (PBMCs) taken from naive RMs with TRIM5aTFP/Q al-
leles and TRIM5aTFP/TFP alleles, we saw a restoration of viral replication kinetics com-
pared to the original clones (Fig. 4A and B).

Next, we inoculated naive TRIM5aTFP/Q RMs (n = 4) and naive TRIM5aTFP/TFP RMs
(n = 4) with CL757-SS-P. Due to the practical limitations of comparing virus replication
and pathogenesis of multiple combinations of mutations in two different genotypes of
RM, we chose to focus on the clone that would be of most benefit to the field. We
observed restoration of viral kinetics in vivo in both TRIM5aTFP/Q and TRIM5aTFP/TFP RMs
(Fig. 5A and B). In addition, we saw a higher acute viral load in TRIM5aTFP/Q RMs

FIG 2 Legend (Continued)
infected TRIM5aTFP/TFP RMs with the appearance of a mutation, T146P, in all animals infected; except for H905, which has different
escape mutations, I145V and T175I, located outside the major homology region (MHR, pink). (B) Second control group: CL757-SS-infected
TRIM5aTFP/Q RMs, showing a reversion of either the engineered S37 or S98 mutation or both. Also, the T146P mutation appears wherever
the S37/S98 mutations were lost. (C) First control group: CL757-WT-infected TRIM5aTFP/TFP RMs, with the T146P mutation appearing here as
well. Amino acids of interest are highlighted in red and the CypA binding region in green.

FIG 3 An alignment of the HIV capsid gene and various SIVsmm strains shows that position 146 of the SIV capsid is a conserved proline. (A) HIV-1, SIVsmm
strains E660 and E543-3, and CL757-WT exhibit HIV-P147 and SIVsmm-P146 in the disordered linker domain (orange) which are conserved despite the
many differences in sequence between HIV and SIV capsids. SIV P37 and R98 residues (HIV P38 and R100) are highlighted in red. The CypA binding region
and MHR are in pink. (B) Cartoon depiction of the organization of the capsid gene aligned with SIVMac239, as well as with SIVsmm strains, with the Thr-146 error
in red and the engineered changes to the clone underlined.
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infected with CL757-SS-P compared to the reference group of TRIM5aQ/X RMs infected
with the original CL757-WT (Fig. 5C), and a higher acute plasma viral load in the
TRIM5aTFP/TFP RMs infected with CL757-SS-P relative to TRIM5aTFP/TFP RMs infected with
CL757-WT. The viral peak and emergence at week 2 were restored with the correction
of Thr-146 to Pro (Fig. 5D).

Viral load in the cerebrospinal fluid (CSF) helps demonstrate establishment of viral
infection in the brain (29). The reference clone CL757-WT, which contained the Thr-146
error, was successful at inducing SIV in half of the TRIM5aQ/X RMs that were infected
(Fig. 6A) (25). The CL757-WT clone successfully established an infection in the central
nervous system (CNS) and replicated to high titers in the TRIM5aQ/X RMs, as indicated
by high viral loads in the CSF and the accumulation of multinucleated giant cells in the

FIG 4 Correction of the Thr-146 error to Pro restores in vitro viral kinetics. Peripheral blood mononuclear cells
(PBMCs) were isolated from naive RMs with the genotype (A) TRIM5aTFP/Q or (B) TRIM5aTFP/TFP. Cells were
infected with multiple iterations of the CL757 clone and viral kinetics were compared to those of the parental
clone virus E543-3. Virus output was quantitated by p27 antigen capture assay.

FIG 5 Correction of the Thr-146 error to Pro restores in vivo viral kinetics. (A) TRIM5aTFP/Q and (B) TRIM5aTFP/TFP

RMs were intravenously inoculated with the corrected clone, CL757-SS-P. (C) Correction of Thr-146 to Pro
restores viral kinetics and causes an increase in acute viral load in TRIM5aTFP/Q RMs compared to that in the
reference group. (D) Restoration of proline also eliminates the delay in viral emergence. Bold lines (purple)
represent the average replication curve for each group. Red indicates CL757-WT-infected animals and purple
indicates CL757-SS-P-infected animals. Solid lines, circles, and triangles indicate TFP/Q RMs. Dashed lines, open
circles, and triangles indicate TFP/TFP RMs.
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neuroparenchyma (25, 30). TRIM5aTFP/TFP RMs infected with CL757-WT, as well as
TRIM5aTFP/Q and TRIM5aTFP/TFP RMs infected with CL757-SS, did not develop neuroAIDS
(Fig. 6B to D). CL757-SS-P infection of TRIM5aTFP/Q RMs led to rapid progression in one
animal, H918, which was euthanized due to high CSF viral load and the development
of neurological symptoms at 15 weeks postinfection (Fig. 7A). Histopathology of the
brain revealed characteristic pathology with glial nodules and the presence of SIV-
expressing multinucleated giant cells (data not shown). The other three animals
showed persistence of CSF viral loads which approached 105 RNA copies/mL. Levels
greater than 104 have been previously shown to be associated with productive infec-
tion of the CNS (25, 30). At this early stage of the study, it is not possible to determine

FIG 6 Cerebrospinal fluid (CSF) viral loads in RMs infected with clones with the error Thr-146.
(A) Historical animals with TRIM5aTFP/Q infected with CL757-WT were used as a reference group for
CSF viral kinetics (n = 8). (B) First control group is macaques with TRIM5aTFP/TFP (n = 3) inoculated
with CL757-WT. (C) Second control groups is TRIM5aTFP/Q macaques infected with CL757-SS (n = 4).
(D) The test group is TRIM5aTFP/TFP macaques infected with CL757-SS (n = 9). Bold lines (purple)
represent the average replication curve for each group. Red indicates CL757-WT-infected animals and
blue indicates CL757-SS-infected animals. Solid lines indicate TFP/Q and Q/X RMs, dashed lines
indicate TFP/TFP RMs.

FIG 7 CSF viral loads in RMs infected with CL757-SS-P (A) TRIM5aTFP/Q and (B) TRIM5aTFP/TFP RMs were
intravenously inoculated with the corrected clone, CL757-SS-P. Bold lines (purple) represent the
average replication curve for each group. Solid lines indicate TRIM5aTFP/Q RMs, dashed lines indicate
TRIM5aTFP/TFP RMs.
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whether CL757-SS-P infection will result in CNS infection and disease in TRIM5aTFP/TFP

macaques (Fig. 7B). However, the improved viral replication and development of CNS
lesions in the TRIM5a-permissive RMs in this study indicate that CL757-SS-P is superior
to the WT clone in its ability to induce neuroAIDS in the RM model.

DISCUSSION

In this study, we demonstrated that capsid mutations and TRIM5a polymorphisms
have a significant impact on viral kinetics of SIVsmm molecular clones. We have previ-
ously reported on the restrictive role TRIM5a has in HIV/SIV evolution (7, 8). Using our
neurotropic clone which has either an error or a correction in the linker region of the
capsid gene, we observed a stark change in viral kinetics and clinical outcomes in
TRIM5a-restrictive RMs (TRIM5aTFP/TFP) versus TRIM5a-permissive (TRIM5aTFP/Q) maca-
ques. We have previously reported on SIVsmm clones which are sensitive to TRIM5a-
restrictive phenotypes, which led to a 2 to 3 log reduction in acute viral load and the
eventual development of escape mutations which rescued viral replication in vivo (7–
9). Introduction of these two mutations to SIVsmm clones resulted in clones which
showed equivalent viral acquisition and replication in TRIM5a-restrictive and -permis-
sive RMs. In contrast to the findings of these prior studies, addition of the SS mutations
to CL757 did not rescue viral replication in the RMs with TRIM5aTFP/TFP, but it nearly
abrogated viral replication. This led to the identification of an inherent error in the con-
served linker domain of SIV gag of the original PCR-generated clone CL757, the correc-
tion of which restored and enhanced viral kinetics in the TRIM5aTFP/TFP and TRIM5aTFP/Q

macaques, respectively. This study demonstrates that the structural context of TRIM5a
escape mutations introduced into SIV capsids are crucial.

Structural studies of HIV capsid have shown a flexible linker domain (residues 146
to 150) that allows for movement of the CA-CTD relative to the CA-NTD (31–34) and
have shown that the linker becomes more structured upon multimerization of the cap-
sid (35). Studies introducing mutations into the linker domain led to a defect in virus
assembly as well as virions with abnormal morphology (26, 27). Jiang et al. (26) substi-
tuted amino acids throughout the linker domain, and while most of the substitutions
lead to noninfectious virions and defects in core assembly, the mutant P147L was of
most interest to us, because it affected an amino acid residue homologous to that of
our SIV CL757 (P146T) and had a similar phenotype. They reported that HIV-1 P147L is
“. . .poorly infectious, [and has] a novel attenuated phenotype.” We see evidence of
this phenotype in the original CL757-WT in vivo infection of TRIM5aQ/X macaques
when viral replication is compared to that in CL757-SS-P infection of TRIM5aTFP/Q maca-
ques (Fig. 5). We observe a moderately reducted viral titer in CL757-WT-infected
TRIM5aQ/X RMs compared those of other pathogenic clones of SIVsmm, such as E543-3,
which was overlooked until its replication was compared to that in CL757-SS-P-infected
TRIM5aTFP/Q RMs. Granted, the comparison of CL757-WT infection of the reference
group with CL757-SS-P infection of TRIM5aTFP/Q RMs was not an ideal comparison for
two reasons: (i) animals in the reference group had various TRIM5a genotypes, and (ii)
a direct comparison of clones with and without the P146T mutation, without the addi-
tional SS mutations, would have been more informative. However, comparing viral rep-
lication and pathogenesis of multiple combinations of mutations in two different RM
genotypes was impractical, and we instead chose to focus on the clone that would be
of most benefit to the field: CL757-SS-P, a virus with the potential to replicate and pro-
duce CNS disease in all TRIM5a genotypes of macaques. Such a clone would be partic-
ularly critical for studies of viral reservoirs in the presence and absence of ART therapy.

The effect of the SIV capsid error Thr-146 in the presence and absence of TRIM5a-
escape mutations in gag suggest that this residue has a deleterious effect on virus rep-
lication. The finding of abnormal core formation in HIV-1 variants encoding a similar
substitution at the homologous residue is consistent with shared effects on SIV core
formation, but clearly would require additional structural and biochemical studies.
Jiang et al. (26) reported that HIV-P147L led to a 35% reduction in virus production,
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which could potentially account for the 50% of RMs that develop neurotropism when
infected with the CL757-WT clone. Correction of the SIV-Thr-146 to Pro led to rapid dis-
ease progression in one of the TRIM5aTFP/Q RM. The steadily increasing CSF viral loads
observed in the other three CL757-SS-P-infected RMs (Fig. 7A) is also consistent with
the establishment of viral replication in the brain (12, 25, 29, 30). These results suggest
that the Thr-146 error in CL757-WT could be causing a reduction in the proper forma-
tion of viral cores, and therefore, reduced infectivity. Virus replication was also rescued
in TRIM5aTFP/TFP RMs, although acute viral loads were 1 log lower than those of their
TRIM5aTFP/Q counterparts (Fig. 4C and D). Whether or not CL757-SS-P infection of
TRIM5aTFP/TFP RMs leads to neurotropism will require longer-term clinical and virologic
follow-up with these macaques.

Interestingly, introduction of the SS mutation to the error-afflicted clone seemed to
enhance the defect that was already present. CL757-WT-infected TRIM5aTFP/TFP RMs
had decreased replication kinetics compared to those in CL757-WT-infected TRIM5aQ/X

RMs (Fig. 1A and B). This was the expected result, given the absence of the SS mutation
needed to enable the virus to evade the TFP/TFP alleles; however, when we examined
the capsid sequence (Fig. 2C), we saw an escape mutation/correction of the Thr-146 to
Pro or Ala in RM H898, indicating that this mutation in the linker region is not well tol-
erated by TRIM5aTFP/TFP RMs and the addition of the SS mutation further complicated
the situation. The evolutionary escape pathway in the study animals was complex and
dependent upon the TRIM5a phenotype of each study animal. Slightly different pat-
terns of evolution were observed in each of the permissive TRIM5aTFP/Q RMs (Fig. 2C).
For RMs H906 and H907, the SS mutations were retained but second site substitutions
were observed at Thr-146 or residues in or around the MHR (Ala-149 and Iso-176).
Another TRIM5aTFP/Q RM retained the Thr-146 but lost the Ser mutations at positions
37 and 98 (Fig. 2B, RM H908). The MHR has been shown to influence HIV-1 Gag assem-
bly (36, 37) suggesting that the presence of escape mutants in and around the SIV-
MHR are presumably rescuing Gag assembly, due to the presence of the destabilizing
Thr-146 error.

Patterns of evolution in restrictive CL757-SS-infected TRIM5aTFP/TFP RMs were more
consistent between individual animals, perhaps because the virus required the SS
mutations to replicate in the presence of TRIM5aTFP/TFP. All viral capsid in these animals
retained the SS mutations and showed reversion of Thr-146 to Pro or substitutions out-
side the MHR. The SS has been shown to be necessary to escape TRIM5aTFP/TFP, so the
virus retaining the SS mutation in this context makes sense, but there seems to be a
negative interaction occurring due to the presence of both SS and Thr-146. The flexi-
ble/disordered linker region has been considered to remotely regulate the overall
structural dynamics and molecular interactions of Gag (38). How this occurs is not well
known but the studies using CL757-SS-T could possibly be used to start to address this
issue.

Even with HIV’s ability to evade host restriction factors, the discovery of mutations
of the residues (P37S, R98S, T146P, and P146T) and how they function or do not func-
tion together sheds light on the crucial role capsid assembly plays in viral infection
and kinetics in the SIV/rhesus macaque model, especially when it comes to the TRIM5a
phenotype. This discovery elucidates new targets for antivirals and valuable knowl-
edge in the development of primate animal models for HIV/AIDS.

MATERIALS ANDMETHODS
Ethics statement and animal studies. This study was carried out in strict accordance with the rec-

ommendations described in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health, the Office of Animal Welfare, and the United States Department of Agriculture.
Colony-bred rhesus macaques of Indian origin were obtained from the Morgan Island rhesus monkey
breeding colony, SC. All animal work was approved by the NIAID Division of Intramural Research Animal
Care and Use Committee (IACUC), in Bethesda, MD (Animal Study protocol, LMM-6). The animal facility is
accredited by the American Association for Accreditation of Laboratory Animal Care. All procedures
were carried out under ketamine anesthesia by trained personnel under the supervision of veterinary
staff, and all efforts were made to ameliorate welfare and minimize animal suffering in accordance with
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the recommendations of the Weatherall report on the use of nonhuman primates. Animals were housed
in adjoining individual primate cages allowing social interactions, under controlled conditions of humid-
ity, temperature, and light (12-h light/12-h dark cycles). Food and water were available ad libitum.
Animals were monitored twice daily (pre- and post-challenge) and fed commercial monkey chow, treats,
and fruit twice daily by trained personnel. Early endpoint criteria, as specified by the IACUC-approved
score parameters, were used to determine when animals were to be humanely euthanized.

Molecular cloning. Construction of a SIVsmm804E-CL757 (CL757-WT) full-length molecular clone
was described previously (25). To construct SIVsmm804E-CL757-S37-S98 (CL757-SS) full-length clone,
amino acid substitutions “P37S” and “R98S” were introduced into CL757-WT capsid using a QuikChange
II Site-Directed Mutagenesis kit (Agilent) according to the manufacturer’s instructions. The following
primer sets were used to introduce mutations: P37S forward, 59-GGC AGA GGT AGT GTC AGG ATT TCA
AGC G-39; reverse, 59-CGC TTG AAA TCC TGA CAC TAC CTC TGC C-39; R98S forward, 59-GCA. ACT TAG
AGA GCC ATC AGG ATC AGA CAT TGC AG-39; reverse, 59-CTG CAA TGT CTG ATC CTG ATG GCT CTC TAA
GTT GC-39. Construction of both SIV804E-CL757-P146 (CL757-P) and CL757-S37S98-P146 (CL757-SS-P) was
performed using overlap PCR. CL757-P was created using SIVsmmE543-3 clone as the PCR template
(E543-3 capsid is identical to CL757 except for the CypA binding site and Pro-146. The overlap PCR will
target the CypA binding region and not Pro-146). The overlap PCR The first PCR product was amplified
using a Platinum Taq High Fidelity Kit (Thermo Fisher Scientific, Waltham, MA) using the primers NarI-F
(59-TTG GCG CCC GAA CAG GGA CTT-39) and GPIPP-R (59-TCT AAG TTG CCC TGG TGG TAT TGG ACC TGG
CT-39). The second PCR product was created with the primers GagApaI-R (59-CGG GCT GTT CTT CAA TGT
AG-39) and GPIPP-F (59-AGC CAG GTC CAA TAC CAC CAG GGC AAC TTA GA-39). Both PCR products were
gel-purified using a Qiagen gel purification kit and diluted to 1 ng/mL. Two ng of both PCR products was
used in the overlap PCR using NarI-F and GagApaI-R as primers to make full-length WT-P-PCR product.
Both the WT-P-PCR product and the CL757-WT clone were digested using the restriction enzymes NarI
and ApaI. The digested CL757-WT was also dephosphorylated using Quick CIP (New England BioLabs).
The clone and WT-P-PCR product were ligated together using T4 DNA Ligase (New England BioLabs).
The clone CL757-SS-P was also created by overlap PCR using the same procedure as above, but instead
using clone SIVsmmE543-3-SS (24) as a template for the first PCR product.

Viral stocks. SIVsmm804E-CL757-WT (CL757-WT), SIVsmm804E-CL757-P146 (CL757-P), SIVsmm804E-
CL757-S37S98 (CL757-SS), and SIVsmm804E-CL757-S37S98P146 (CL757-SS-P) virus stocks were made by
transfection of 293T cells. 293T cells were maintained in complete Gibco GlutaMAX Dulbecco’s modified
Eagle medium (DMEM) and transfected with 10 mg of the plasmid using the FuGENE 6 transfection rea-
gent (Roche Diagnostics, Indianapolis, IN) as previously described (39). Virus stocks were collected from
the supernatants of transfected cells after 48 h and filtered with a 0.22-mm filter. The 50% tissue culture
infectivity dose (TCID50) of virus stocks was tested on TZM-bl cells (40).

Genotyping rhesus macaques for polymorphisms in TRIM5a. Two to five mLs of whole blood
was collected from SIV-naive rhesus macaques into non-EDTA tubes. DNA was isolated from PBMCs
using the QIAamp DNA Blood Kit (Qiagen, cat. no. 51104). The TRIM5a gene was amplified with a
Platinum Taq Hi Fidelity Kit (Thermo Fisher Scientific, Waltham, MA) using the primers TRIM5a 782-F (59-
CGT GAC CTT GAA GAA GCC-39) and TRIM5a 1087-R (59-GCT TCC CTG ATG TGA TAC-39). Amplified PCR
product was direct-sequenced and analyzed as described previously (22, 41, 42). To distinguish hetero-
zygous TRIM5a animals from homozygous animals, we examined the electropherograms at the codon
sites of interest to look for peaks within peaks.

In vitro viral replication in PBMCs. PBMCs were isolated from the whole blood of SIV-naive, healthy
rhesus macaques, one with the TRIM5aTFP/TFP genotype and one with the TRIM5aTFP/Q genotype; the cells
were then stimulated with 5 mg of phytohemagglutinin (PHA) per mL and 10% interleukin-2 (IL-2)
(Advanced Biotechnologies, Columbia, MD) for 72 h and maintained in RPMI 1640 medium containing
10% fetal calf serum (FCS) and 10% IL-2. PBMCs (5 � 105 cells) were inoculated with virus at a multiplicity
of infection (MOI) of 0.01, and viral supernatant was harvested every 3 days for 21 days. Virus was quan-
tified by SIV p27 Antigen Capture Assay ELISA (enzyme-linked immunosorbent assay; Advanced
Bioscience Laboratories, Rockville, MD) according to the manufacturer’s directions.

In vivo replication. Naive Indian-origin rhesus macaques (SIV-, simian retrovirus [SRV]-, and simian T
cell leukemia virus type 1 [STLV-1]-seronegative) were prescreened for MHC-I and the TRIM5a genotype.
None of the animals used in this study expressed MHC-I genotypes that are known to be restrictive to
SIVmac239 (i.e., A1*001, B*008, B*017, B*029) (49 to 53). Of the animals used in this study, 16 expressed
the restrictive TRIM5aTFP/TFP genotype and 8 expressed the permissive TRIM5aTFP/Q genotype. Animals
were inoculated intravenously (i.v.) with 500 TCID50 of CL757-WT or CL757-SS. Plasma and CSF viral RNA
loads were monitored periodically. All animals were housed in accordance with American Association
for Accreditation of Laboratory Animal Care standards. The investigators adhered to the Guide for the
Care and Use of Laboratory Animals and to NIAID Animal Care and Use Committee-approved protocols.

Viral RNA extraction and bulk PCR sequence analysis of viral capsids. Plasma was collected from
animals every week during the first month postinfection, then every month onward. Viral RNA was
extracted from plasma samples at the first emergence of virus, as detected by RTqPCR, using a QIAamp
Viral RNA Minikit (Qiagen). The viral RNA was reverse-transcribed using a Thermoscript reverse transcrip-
tase PCR (RT-PCR) system (Invitrogen) and the cDNA primer 3395-R (59-CCT CCT ACT ATT TTA GGG GT-
39). The gag gene was amplified by PCR with Platinum Taq DNA polymerase (Invitrogen) and the primers
NarI-F (59-TTG GCG CCC GAA CAG GGA CTT-39) and GagApaI-R (59-CGG GCT GTT CTT CAA TGT AG-39),
and then subcloned into the pCR4-TOPO vector using a TOPO TA cloning kit (Invitrogen) for sequencing.
A minimum of 10 clones were selected for each sample from each macaque, and the complete gag
gene was sequenced by Eurofins.
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