
Contents lists available at ScienceDirect

Virus Research

journal homepage: www.elsevier.com/locate/virusres

Investigating the distribution of HIV-1 Tat lengths present in the Drexel
Medicine CARES cohort

Robert W. Linka,b,c,1, Anthony R. Meleb,c,1, Gregory C. Antella,b,c, Vanessa Pirroneb,c,
Wen Zhongb,c, Katherine Kercherb,c, Shendra Passicb,c, Zsofia Szepd,e, Kim Maloned,e,
Jeffrey M. Jacobsonf,g,h, Will Dampiera,b,c, Brian Wigdahlb,c,d,i, Michael R. Nonnemacherb,c,i,⁎

a School of Biomedical Engineering, Science and Health Systems, Drexel University, Philadelphia, PA, USA
bDepartment of Microbiology and Immunology, Drexel University College of Medicine, Philadelphia, PA, USA
c Center for Molecular Virology and Translational Neuroscience, Institute for Molecular Medicine and Infectious Disease, Drexel University College of Medicine,
Philadelphia, PA, USA
d Center for Clinical and Translational Medicine, Institute for Molecular Medicine and Infectious Disease, Drexel University College of Medicine, Philadelphia, PA, USA
e Division of Infectious Diseases and HIV Medicine, Department of Medicine, Drexel University College of Medicine, Philadelphia, PA, USA
fDepartment of Neuroscience and Comprehensive NeuroAIDS Center, Lewis Katz School of Medicine, Temple University, Philadelphia, PA, USA
g Center for Translational AIDS Research, Lewis Katz School of Medicine, Temple University, Philadelphia, PA, USA
hDepartment of Medicine, Section of Infectious Disease, Lewis Katz School of Medicine, Temple University, Philadelphia, PA, USA
i Sidney Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, PA, USA

A R T I C L E I N F O

Keywords:
HIV-1
Subtype B
LANL
Tat
Genetic variation
Stop codon

A B S T R A C T

Human immunodeficiency virus type 1 (HIV-1) encodes for Tat, a multi-functional regulatory protein involved in
transcriptional enhancement and in causing neurotoxicity/central nervous system (CNS) dysfunction. This study
examines Sanger sequencing of HIV-1 subtype B Tat from 2006 to 2014 within the Drexel University College of
Medicine CNS AIDS Research and Eradication Study (CARES) Cohort to investigate Tat length in patients. The
Los Alamos National Laboratory (LANL) database was used as a comparator. Miscoded stop codons were present
in the CARES Cohort and LANL and protein variability was highly similar. Tat proteins in CARES and LANL were
predominantly 101 residues. There was no observed correlation between Tat length and clinical parameters
within the CARES Cohort. Unique Tat lengths found in the CARES Cohort and not in LANL were 31, 36, and 39
residues. When CARES patients were longitudinally examined, sequence lengths of 101 had a low probability of
reducing to below 48, and sequences had a high probability of increasing to above 86 residues during their next
visit, when below 48 residues in length. This suggests that Tat length is conserved to retain the majority of the
proteins function highlighting its importance in viral replication.

1. Introduction

Human immunodeficiency virus type 1 (HIV-1) encodes for the
transactivator of transcription (Tat), a small, basic 101 residue protein.
Tat has been shown to be primarily responsible for enhancing HIV-1
transcription through interaction with the RNA stem-loop transactiva-
tion response (TAR) element, encoded by the viral long terminal repeat
(LTR), which has been shown to recruit the host positive transcript
elongation factor b (P-TEFb) (Dingwall et al., 1989; Li et al., 2011).
While transactivation has been shown to be the primary role of Tat, it
has been demonstrated that most of Tat is secreted from the cell (Rayne
et al., 2010a). Tat secretion has been shown to occur through an

unconventional pathway; passing through the plasma membrane pri-
marily through oligomerization and pore formation (Mele et al., 2018).
Once extracellular, Tat can directly cause neurotoxicity by hyper-acti-
vation (Fields et al., 2015) and recruitment of additional immune cells
to the central nervous system (CNS), causing low levels of chronic in-
flammation through activation of bystander cells and release of pro-
inflammatory cytokines, such as IL1-β from monocytes and macro-
phages (Albini et al., 1998; Bachani et al., 2013; Hofman et al., 1994;
Hudson et al., 2000; Rayne et al., 2010b). Furthermore, Tat produced in
the periphery can cross the blood-brain barrier and traffic into the CNS
(Banks et al., 2005).

HIV-1-infected patients have been shown to be particularly
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susceptible to neurocognitive impairment, where the range of symp-
toms has been collectively referred to as HIV-1-associated neurocog-
nitive disorders (HAND) (Dahiya et al., 2013). A comprehensive me-
chanism of HAND has yet to be elucidated, but the secretion of viral
proteins, such as gp120, Vpr, and Tat within the CNS has been sug-
gested to be crucial for productive viral infectivity (Agostini et al.,
2017) and has been demonstrated to impair cognition in vivo (Carey
et al., 2012). While antiretroviral therapy (ART) has successfully de-
creased the mortality associated with HIV-1, the prevalence of HAND
has increased in chronically infected patients (Gannon et al., 2011).

An additional complication during the course of HIV-1 infection has
been its vast genetic variability, which has been shown to occur at an
interpretable rate of 1.02 nucleotides per year over the entire genome
on average and 0.636 nucleotides per year for the tat gene (Dampier
et al., 2016). The accumulation of these changes is caused by the error-
prone HIV-1 reverse transcriptase in conjunction with selective pres-
sures associated with the immune system and a number of other sources
(Li et al., 2012). This genetic variability within Tat can cause functional
alterations, such as a reduction of LTR transactivation ability (Boven
et al., 2007; Ronsard et al., 2017). As a contributor to the development
of HAND, genetic variation within Tat and its subsequent functional
alterations have been thought to be critical to understand the etiology
of HIV-associated neurocognitive impairment.

The majority of previously reported studies concerning HIV-1 Tat
have focused on the functionality of a truncated variant of Tat that is 86
residues long, which has similar levels of transactivation, but differs in
a number of other activities (Kukkonen et al., 2014; Lopez-Huertas
et al., 2013). While the frequency of Tat truncations have been ex-
amined in isolated cohorts (van der Kuyl et al., 2018), it has yet to be
evaluated around the world within HIV-1 subtype B sequences. Here,
we sought to examine the genetic variation of Tat and the effects of
premature truncation of this important viral protein within the Drexel
University College of Medicine (Drexel Medicine) CNS AIDS Research
and Eradication Study (CARES) cohort through Sanger sequencing
performed from 2006 to 2014, as well as the data from the publicly
available HIV-1 sequences present in the Los Alamos National Labora-
tory (LANL) to quantify the frequency of Tat truncations worldwide.

2. Results

2.1. HIV-1 Tat sequences from the CARES Cohort are similar to subtype B
sequences in LANL

Analyses were performed on Sanger sequenced PCR amplicons of tat
exon I and II amplified from genomic DNA isolated from patient per-
ipheral blood mononuclear cells (PBMC) obtained from patients in the
Drexel University College of Medicine (Drexel Medicine) CNS AIDS
Research and Eradication Study (CARES) Cohort. Sanger sequencing
allows for long, continuous reads of approximately 800 base pairs. The
two exonic regions of the tat gene (exon I and II) are 214 and 90 base
pairs, respectively. Due to the separation of approximately 2300 base
pairs between the two exons (Foley et al., 2018), they were sequenced
separately and reconstructed in silico. The 205 participants in this study
were a fair representation of the entire CARES Cohort (Table 1). From
these participants, 418 Tat sequences were collected. Of those 418 se-
quences, 391 contained a stop codon in either their first or second exon
(Supplemental Table 1) and were used in further analysis. The other 27
sequences had no stop codon contained in the PCR amplicon that was
obtained for Tat exon 1 or 2. Of those 391 Tat sequences, 381 from 201
patients were linked with a patient visit date. These 381 sequences were
used for longitudinal analyses. To minimize bias from multiple patient
sequences, each CARES Cohort Tat sequence was assigned a weight
value. This weight is defined as the reciprocal of the number of Tat
sequences generated from a patient; for example, if three Tat sequences
arose from a patient, each sequence would have a weight of 1/3. The
sum of these weights can be interpreted as the number of patients

belonging to a category.
To compare the CARES Cohort sequences to other subtype B se-

quences, the Los Alamos National Laboratory (LANL) database was
queried. From LANL, only HIV subtype B Tat sequences were retrieved
and compared to the CARES Cohort, since the CARES Cohort contains
all subtype B sequences. The LANL database contained 5831 complete
HIV-1 subtype B Tat sequences arising from 1483 patients. These se-
quences were predominately collected between 2004–2008. LANL se-
quences were assigned weights using the same methodology as the
CARES Cohort (Foley et al., 2018). Sequences from LANL with an un-
known patient ID were assumed to be individual patients.

Amino acid variability was assessed between Tat sequences ac-
quired from the CARES cohort or LANL by calculating the Shannon
entropy of each residue (Fig. 1A and B). The three positions with the
largest differences in entropy were 92, 24, and 93. The entropy at each
position in CARES and LANL were highly similar (r2= 0.910) (Sup-
plemental Fig. 1). The consensus sequence of Tat 101 in the LANL da-
tabase and CARES Cohort was also almost identical aside from residues
67 and 74, which are an alanine and threonine in the CARES Cohort
consensus sequence and a valine and alanine in the LANL consensus
sequence, respectively. When position 67 was further examined, valine
occurs 19.44% of the time in the CARES Cohort while it occurs 39.93%
in LANL. Alanine occurs 32.48% of the time in CARES Cohort while it
occurs 31.43% of the time in the LANL database. When position 74 was
analyzed, alanine occurred in the CARES Cohort 32.48% of the time
while it occurred in the LANL database 40.16% of the time. Threonine
occurred in CARES Cohort participants 42.71% of the time while it
occurred in the LANL database 40.16% of the time (data not shown). A
sequence logo was also generated to compare residue variability be-
tween CARES and LANL sequences (Supplemental Fig. 2). Overall, the
CARES Cohort and LANL database show a similar distribution of amino
acid diversity within their Tat sequences.

To investigate how evolutionary pressure might influence the tat
gene in both the CARES Cohort in Philadelphia and worldwide through
the LANL database, the dN/dS ratios of all sequences were calculated
using the consensus B tat sequence as a reference (Fig. 1C). These re-
sults are calculated from observing changes in dN/dS ratio from a 20
codon window that slides one codon at a time. The results indicated
that most regions of tat within CARES and LANL show a dN/dS ratio of
less than one, suggesting that tat was subjected to minimal evolutionary
pressure. The tat dN/dS ratio over the sliding sequence window for
sequences derived from the CARES Cohort and LANL database are al-
most identical, suggesting similar evolutionary pressures applied to
both sets of tat sequences. However, there does seem to be a region
around residue 89 where the dN/dS ratio spikes upward in both

Table 1
Clinical parameters of patients enrolled in the Drexel Medicine CARES
Cohort. Summary of the clinical parameters of patients with Sanger sequencing
data of both exon one and two of HIV-1 subtype B Tat. ART, antiretroviral
therapy; MHDS, Modified Hopkins Dementia Score; ≥10 considered
normal,< 10 considered impaired.

Clinical data Tat Sanger patients (mean +/- STD)

Number of patients 205
Race (African American or Black) 87%
Age (years) 51.42 +/- 8.56
Years Seropositive 12.78 +/- 6.54
Nadir CD4 (cells/uL) 256.186 +/- 186.95
Current CD4 (cells/uL) 605.09 +/- 377.04
Current CD8 (cells/uL) 1093.05 +/- 710.95
Peak log viral load (copies/mL) 4.29 +/- 1.29
Current log viral load (copies/mL) 2.06 +/- 1.12
MHDS 9.08 +/- 2.85
ART (on) 89%
Gender (male) 65%
Drug use (self-admitted) 28%
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sequences from the LANL database and especially in tat sequences de-
rived from the CARES Cohort. This supports our Shannon entropy cal-
culation as there seems to be an increased entropy for both Tat se-
quences from patients in the CARES Cohort and LANL database as one
approaches the end of the Tat protein.

2.2. Alternative stop codon positions in HIV-1 subtype B Tat

A recent publication examining the Bridging the Evolution and
Epidemiology of HIV in Europe (BEEHIVE) study observed various
mutated Tat sequences derived from patient RNA, caused by miscoded
stop codons (van der Kuyl et al., 2018). Inspired by their observations,
the Drexel Medicine CARES Cohort was probed for unique patient Tat
truncations and assessed for similarities with sequences in the LANL
database. The most frequent Tat length observed in patients in the
CARES Cohort was 101 residues (observed in 83.0% of patients), fol-
lowed by 86 (7.5%) and 102 (3.8%) residues, respectively (Supple-
mental Table 1). To more clearly understand the subtype B Tat length
distribution worldwide, sequences present in the LANL database were
analyzed by country. Within LANL, the three countries that generated
the most subtype B Tat sequences were the United States (573 patients),
Brazil (225 patients), and Cyprus (77 patients). The three most frequent
Tat lengths found in the LANL database were 101 (1244.4 patients),
102 (69.1 patients), and 86 residues (58.9 patients) (Supplemental
Table 2). Tat 101 was the most prevalent Tat length for almost all

countries examined (Supplemental Table 3). Interestingly, France ap-
pears to have a higher proportion of patients with Tat 86 than other
countries (Fig. 2A). While all countries were analyzed for geographic
distribution, Fig. 2A only displays countries that have at least 10 pa-
tients and Tat lengths that occurred at least 5 times. The geographical
distributions of all Tat lengths can be found in Supplemental Table 3.

The distribution of Tat lengths in the CARES Cohort was highly si-
milar to the distribution Tat lengths in the LANL database (Fig. 2B).
Large increases occurred in both the CARES Cohort and LANL database
in the cumulative density graph around position 101 with a smaller
increase around position 86. This has indicated that most sequences in
LANL and CARES are 101 or 86 residues long. In agreement with pre-
viously reported results (van der Kuyl et al., 2018), full-length 101
residue Tat was the most prevalent out of the 205 patients analyzed in
the Drexel Medicine CARES Cohort (83.0%). A comparison between the
various lengths of HIV-1 Tat within the Drexel Medicine CARES Cohort
and LANL subtype B Sanger sequences revealed truncations unique to
the Drexel Medicine CARES Cohort. Premature stop codons were pre-
sent that caused Tat variants 31, 36, and 39 residues in length, which
were not present in the LANL analysis. The LANL dataset also contained
Tat variants not present in the Drexel Medicine CARES Cohort, which
were 11, 16, 34, 38, 42, 43, 52, 54, 55, 59, 61, 63, 70, 71, 72, 75, 77,
89, 93, 96, 98, 105, 106, 107, 113, and 124 residues in length. Despite
these differences, the relative frequencies of Tat lengths 101, 86, and
102 in CARES and LANL were shown to be similar. When we examined

Fig. 1. HIV-1 Tat residue variability between the Drexel Medicine CARES cohort and LANL was highly similar. A) The Shannon entropy for each residue
position within 101-amino acid HIV-1 Tat Sanger sequences (n= 391) collected from the Drexel Medicine CARES cohort was calculated. The consensus sequence
from all Tats examined was provided for each amino acid position. Residues highlighted in red differ between the consensus sequence of the LANL database. B) The
Shannon entropy for each residue position within 101-amino acid HIV-1 Tat Sanger sequences (n=5831) collected from the LANL database was calculated. The
consensus sequence from all Tats examined was given for each amino acid position. Residues highlighted in red differ between the consensus sequence of the CARES
cohort. C) The average dN/dS ratio found in CARES and LANL across their tat genes using a 20 codon window. The beginning of Tat seems to be preserved and
unlikely to undergo any mutations that alter its consensus output. Starting around residue 47, tat seems to maintain its dN/dS ratio around one until the end of the tat
gene which seems to have its dN/dS ratio spike upwards around residue 87. This seems to suggest some positive selection around the end of the tat gene that may or
may not aid in HIV-1′s survival.
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the distribution of different stop codon types between LANL and
CARES, we found that they were predominantly amber (TAG; UAG stop
codon; Supplemental Tables 1 and 2).

2.3. Longitudinal analyses of CARES Cohort patient Tat sequences

To investigate the distribution of the Tat lengths within the CARES
Cohort over time, a frequency table was generated between Tat length
and year the patient was sampled (Supplementary Table 4). The pre-
dominant lengths across all years were 101 and 86 residues, with some
minor deviation from the consensus length. Rare Tat length variants
were observed in the analysis, including lengths: 10, 31, 36, 39, 95, and
99. However, Tat length 95 was only observed in a single patient in
2013. Likewise, Tat length 36 was only observed in one of two samples
examined that year and Tat 39 as observed in 1 patient in 2008. Tat
length 99 was observed in 4.11 patients across 2007, 2009, and 2014.
Tat lengths 10 and 31 were observed in multiple patients in most years
of the CARES Cohort. These results were subsequently converted into a
bubble plot, where larger bubbles corresponded to a higher frequency
of a specific Tat length (Fig. 3A). Tat length 101 was the most prevalent
within the patients assessed.

This dataset was further analyzed by selecting patients that had at
least three visits and were noted to have a different length of Tat other
than 101 residue version. A potential concern with such a limited input
is an increase in sequencing errors. We have previously optimized our
Tat amplification and sequencing protocol to minimize this from oc-
curring (Li et al., 2011; Aiamkitsumrit et al., 2014). It is still important
to note that these sequences may have come from integrated defective
provirus. To date, we have been unable to determine whether these
were derived from defective proviruses, since only tat exons I and II
were sequenced, however, a full-length replication competent provirus
may still be unable to transcribe these truncated Tats depending on the
chromatin architecture surrounding the integrated provirus. To de-
termine whether a potential reduction in Sanger sequencing efficiency
occurred in patients with reduced viral load, sequencing studies have
indicated that there was no difference in efficiency (data not shown). Of

the 205 patients, 35 patients had at least three visits and could be
subjected to longitudinal analysis. Of those 35 patients, 20 of them
consistently showed 101 residue Tat sequences while 15 had exhibited
a variable Tat length throughout the visits. When Tat length was
longitudinally examined, most sequences were either 101 or 86 re-
sidues long (Fig. 3B). There appears to be a high probability that when a
patient yields a Tat sequence of less than 48 residues, the Tat sequence
reverts to a length greater than 48 residues during the next time point
examined (likelihood= 83.33%). The only exception to this trend was
patient A0013, which had a sequence length of 31 residues followed by
a length of 10 residues during the subsequent time point. Conversely,
when a patient yields predominantly a 101 residue Tat sequence, the
likelihood that this sequence shortens below 86 residues during their
subsequent visit was only 2.5%.

2.4. Correlation between HIV-1 Tat length and clinical parameters

Previous studies by us (Li et al., 2011; Antell et al., 2016; Antell
et al., 2017; Shah et al., 2014; Link et al., 2018; Nonnemacher et al.,
2016; Spector et al., 2019) and others (Darcis et al., 2019; Hemelaar,
2013; Wertheim et al., 2018) have identified alterations in the genetic
architecture the HIV-1 genome that have been correlated to changes in
HIV disease severity. Based on these studies, we have performed ad-
ditional studies to determine whether any correlations between the
clinical parameters discussed in Table 1 and the Tat lengths observed
within the CARES Cohort could be identified. These clinical parameters
have included age, race, years seropositive, nadir CD4 count, latest CD4
count, latest CD8 count, peak log viral load, latest log viral load, MHDS,
current ART status, gender, and current drug use. The CARES Cohort
contained samples predominantly from Tat 101 and relatively little of
other Tat lengths (Fig. 4A). As a result, the lack of significant numbers
of shorter Tat sequences made it difficult to obtain definitive clinical
correlations with respect to shorter or longer versions of Tat. However,
when the analysis was performed, there was no significant correlation
between Tat length and any given clinical parameter. The parameter
with the highest positive and negative correlation with Tat length was

Fig. 2. HIV-1 Tat length was highly similar
between the Drexel Medicine CARES Cohort
and the LANL database. A) The geographic
distribution of Tat Sanger sequences submitted
to the LANL database was plotted based on the
frequency of the Tat lengths present. Countries
with less than 10 patients and Tat lengths that
occurred less than 5 times were omitted. The
number of sequences per country is listed
above each column. All data can be found in
Supplemental Table 3. Country codes pre-
sented in this figure are as follows: Argentina
(AR), Australia (AU), Brazil (BR), Canada (CA),
Switzerland (CH), China (CN), Cyprus (CY),
Germany (DE), Denmark (DK), Spain (ES),
France (FR), United Kingdom (GB), Japan (JP),
The Republic of Korea (KR), Peru (PE), Sweden
(SE), Thailand (TH), and the United States
(US). B) The proportion of cumulative Tat
length was plotted for both the LANL database
(yellow) and the CARES Cohort (blue). All data
can be found in Supplemental Tables 1 and 2.
C) The distribution of patient Tat sequences
between the LANL database and the CARES
Cohort were grouped into sets of 10 residues.
The number represents the number of patients
(CARES=205; LANL=1483) that had a stop
codon in the corresponding 10 residue
window.
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the Modified Hopkins Dementia Score (MHDS) (r2= 0.022) and age
(r2= 0.021), respectively (Fig. 4B). The lack of information from
smaller Tat lengths necessitated caution when using these values to
associate clinical parameters with Tat length. Relatively little in-
formation was available on the clinical parameters of the sequences
deposited in LANL for HIV-1 subtype B, which did not permit similar
analyses to be performed with the LANL HIV-1 Tat sequence dataset.
None of the metadata variables were shown to significantly correlate
with Tat length (data not shown) given a Bonferroni corrected sig-
nificance threshold (threshold=0.05 / 12= 0.00417). Additionally, a
post-hoc power analysis was conducted to determine whether there
were enough samples to determine whether there was a true relation-
ship between Tat length and other clinical parameters. The only clinical
parameter that showed a definitive power to determine a true power
was age (power= 0.818). Collectively, these results have suggested
that there was no correlation between Tat length and the tested clinical
parameters.

2.5. Smaller Tat truncations transactivate the HIV-1 LTR potentially due to
stop codon read through

To examine functional alterations caused by these reported pre-
mature stop codon mutations, Tat truncation variants were constructed
in a pcDNA3.1/Hygro(+) backbone (Primers listed in Supplemental
Table 5). In order to transactivate the HIV-1 LTR, Tat requires residues
1–57, residues 1–48 interacting with Cyclin T1, a subunit of P-TEFb,
and residues 49–57 interacting with the UCU bulge on the HIV-1 TAR
RNA stem-loop (Fig. 5A). The full-length Tat 101 sequence was used for
the mutagenesis, meaning that after each stop codon the remainder of
Tat was encoded.

Interestingly, Tat 10 was capable of increasing transactivation ap-
proximately 20% in comparison to the empty vector control (Fig. 5B),
which led to further examination of this extreme truncation. This pro-
posed read through did not seem to occur in Tat 31 and Tat 39 but
appeared to have occurred to a lesser degree in Tat 36. One of the first
controls was to determine if the proximity of the promoter may be
reading through the first stop codon, allowing for leaky expression of
full-length Tat 101. In order to examine this, an additional construct
was generated that encoded only the first 10 residues of Tat. This

Fig. 3. HIV-1 Tat length was predominately 101 residues within the Drexel Medicine CARES Cohort. A) Tat length was plotted per year for Sanger sequences
within the CARES Cohort. The size of the bubble corresponds to the frequency of a specific Tat length. The color of each Tat length can be found within the key. The
numbers on top of the graph represent the total sequence weight for that year. All data can be found in Supplemental Table 4. B) Selected patients, that had at least
three visits and were recorded with a Tat length other than 101 residues, were subjected to longitudinal analysis.
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Tat10_stop construct was unable to transactivate the LTR, supporting
that the production of low levels of full-length Tat 101 were probably
responsible for the increase in LTR transactivation (Fig. 5C). This was
also repeated with a Tat 36 construct, which also resulted in a similar
trend. Overall, these truncated Tat variants, which did not encode for
the entire transactivation domain, were unable to transactivate the LTR.

3. Discussion

The transactivation domain has been shown to be essential for Tat
function and spans from position 1–48. The domain responsible for the
interaction with TAR, a secondary RNA stem loop encoded by the HIV-1
LTR, has been shown to be residues 48-58. Investigations commonly
utilize Tat 72 or 86 and those lengths transactivate to similar levels
compared to 101 residues in most cells. However, the predominant
length of Tat from patients was 101 residues in length, and other studies
(van der Kuyl et al., 2018; Lopez-Huertas et al., 2010) have observed
this trend. Based on this information, the miscoded stop codons causing
Tat lengths of 86, 95, 99, and 102 residues were predicted not to alter
LTR transactivation (Fig. 5B). Conversely, the truncated Tat lengths of
10, 31, 36, and 39 residues in length were rationalized to reduce

transactivation by acting as less efficient transactivator proteins or by
possibly acting as dominant negative inhibitor. The first four domains
of Tat are responsible for transactivation, the first three domains (re-
sidues 1–48) bind to Cyclin-T1, a component of P-TEFb, and the fourth
domain (residues 49–57) binds to TAR. These smaller truncations do
not contain the domain that interacts with TAR, but have portions of
the first three domains, which may allow it to bind to P-TEFb. In this
scenario, the Tat truncations would bind to P-TEFb and prevent the co-
localization of the host transcription factor to the HIV-1 LTR, thus re-
ducing transcription of the virus. This may explain why short Tat
lengths were likely selected against with a high probability of reverting
back to longer Tat variant lengths in subsequent visits and why long Tat
lengths were selected for, as opposed to being selected against, and
have a low probability of maintaining any short forms of Tat in sub-
sequent visits; at least this was what was observed in the CARES cohort.
However, this was not observed in patient A0013. Although it should be
noted that in early 2008 the patient had a 31-residue Tat and the next
visit was not until late 2011. During this three-year duration, it would
not be surprising if this patient returned to a predominantly longer Tat
isoform before returning to a 10-residue form of Tat. In a separate
study, 58 different patients from the Drexel Medicine CARES Cohort

Fig. 4. HIV-1 Tat length does not correlate to any clinical parameter assessed in the Drexel Medicine CARES Cohort. A) Tat lengths from the Drexel Medicine
CARES Cohort were plotted with the clinical parameters assessed in Table 1. A post-hoc power analysis was also calculated to determine if there was appropriate
power (> 0.8), however, only age had the appropriate power. B) The coefficient of determination (r (Li et al., 2011)) of the clinical parameters from Panel A. ART,
antiretroviral therapy; MHDS, Modified Hopkins Dementia Score. There were no significant results after adjusting the significance threshold (p < 4.16e-3) using
Bonferroni correction (data not shown).
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had Illumina next generation sequencing performed on Tat exon 1 and
2. When these samples were examined to determine the frequency of
this extreme truncation, it was found to be present in 34 patients,
however, it accounted for a relatively low proportion of the Tat lengths
sequenced. In 82.4% (28/34) of the patients examined, Tat 10 was less
than 20% of the total Tat sequenced (Supplemental Fig. 3).

Low sample sizes appeared to have caused misleading results in
Figs. 2A and 3 A. During the later years of the CARES cohort, NGS has
replaced Sanger sequencing for acquiring HIV-1 genomic information.
For comparison, 18.56 patients underwent Sanger sequencing in 2014.
In Fig. 3A, it appeared that France yielded a higher proportion of Tat 86
than other country. However, this was likely because the France patient
sample size was only slightly over the threshold of 10 patients used in
the analysis with 10.86 patients after removing low frequency Tat
lengths. With a low sample size, the small number of Tat 86 patients
appeared to comprise a higher proportion of the French population than
probably exists.

Previous investigations concerning Tat truncations, such as the
BEEHIVE study (van der Kuyl et al., 2018), did not report any Tat
truncations that occurred within Tat exon I. This could have been due
to the lack of their presence, sequencing bias, or they simply that they
may not have been reported at the time the analysis was performed.
Our analysis extended into the first exon, addressing whether function
altering truncations were present within patient samples. Additionally,
these analyses have demonstrated that full-length Tat 101 was the most
prevalent Tat length in Sanger sequences from HIV-1 subtype B patient
samples worldwide. Examining the open reading frame of the tat gene
at positions that prematurely truncate Tat at positions 31, 36, 39 also
coincide with the 3′ end of the vpr gene. Similarly, the miscoded stop

codons in the second exon of the tat gene, 86, 95, 99, and 102, are
within the env gene and the second exon of the rev gene. To our
knowledge, an analysis on premature truncations within the Vpr, Rev,
or Env (gp41) proteins has yet to be performed.

A shortcoming of this study has been that the defective status of the
sequenced proviral genomes was not assessed. To address this defi-
ciency, one would have required the use of single genome amplification
and this procedure was not within the scope of this study at the time
these studies were initiated. Even though these Tat truncations were
readily detectable via Sanger sequencing, it remains to be determined
whether these viruses were capable of producing these Tat proteins and
whether they might impact HAND progression. While the data collected
here do not include full-length sequences of other genes, future studies
will attempt to use longer PCR amplicons and 3rd generation NGS to
determine the impact of Tat truncations on those genes. For instance,
when there is a premature stop in Tat does that correlate with a virus
that has a defective envelope gene? This could be either at the same
spot in the genome or in a different part of the reading frame. Rather, is
Tat the only predicted defective protein? In the future we intend to
examine the production of these Tat truncations within a functional
HIV-1 genome and functional alterations other than transactivation.

The apparent lack of correlation of the differing Tat lengths to the
clinical parameters in the Drexel Medicine CARES cohort was an ex-
pected result due to the predominant number of Tat sequences being
101 residues in length (Fig. 4A). A post-hoc power analysis was per-
formed to determine if there was appropriate power (> 0.8). Only age
had the appropriate power to support statistical analyses. Further as-
sessment was performed and the parameters with the highest positive
and negative correlations with Tat length were MHDS (r2= 0.022) and

Fig. 5. Tat truncations were not capable of transactivating the HIV-1 LTR. A) A schematic of the functional domains of Tat. The arrows under the figure (yellow)
denote the locations of the stop codons present in the CARES cohort. The residues required for transactivation of the LTR (1–57) was also denoted below the figure. B)
β-galactosidase expression was assessed after transfection with the listed Tat constructs. Experiments were performed as quadruplicates on three separate occasions
(n=3). Error bars are the mean with 99% confidence intervals. Cells are mock transfected cells. EV corresponds to an empty vector control transfection. All Tat
constructs correspond to a nucleotide sequence to encode a 101 amino acid protein with a stop codon at the indicated position. Student’s t-test was performed
comparing the β-galactosidase expression of each truncated Tat with Tat 101′s expression. **** p < 1.46e-6. C) β-galactosidase expression was assessed after
transfection with the listed Tat constructs. 10_stop encodes only the first 10 residues of Tat, while 10 contains the nucleotide sequence for the full-length protein with
a stop codon mutation at position 11. Experiments were performed as quadruplicates on three separate occasions (n=3). Error bars are the mean with 99%
confidence intervals. Student’s t-tests was performed comparing Tat 10 and 10_stop and 36 and 36_stop, separately. **** p < 1.00e-6.
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age (r2= 0.021) (Fig. 4B). The implication of these results demon-
strated that it is unlikely that Tat length alone can account for increases
or decreases in viral load or CD4+T-cell count. However, it would be
interesting to determine the potential function of the truncated Tat.
Given the lack of the TAR binding domain, or in some cases portions of
the transactivation domain, it would be assumed that the majority
would not be functional in transactivation of the LTR. However, it
would be interesting to see if they are secreted from the cell at a dif-
ferent rate and therefore pathogenic. This may be especially important
in the CNS. The CARES cohort is currently collecting NGS data, utilizing
the Illumina platform, of the HIV-1 quasispecies within patients. From
this NGS data, the Tat sequences will be isolated and assessed for ad-
ditional stop codon mutations. They will also be assessed for the pro-
portion of the quasispecies that the truncated Tat is found in. was it the
predominant sequence? The study here was performed as Sanger se-
quencing and we know from previous work on the LTR that the Sanger
sequence provides the predominant sequence about 80% of the time,
when compared to next generation results (Nonnemacher et al., 2016).
If it was not the predominant sequence, what proportion of the se-
quence does it make up? These types of data could potentially then be
used to examine associations with neurocognitive impairment.

4. Methods

4.1. HIV-1-infected patient enrollment and PBMC collection

Patients in the Drexel CNS AIDS Research and Eradication Study
(CARES) Cohort were recruited from the Partnership Comprehensive
Care Practice of the Division of Infectious Diseases and HIV Medicine at
Drexel University College of Medicine (Drexel Medicine), located in
Philadelphia, Pennsylvania. Patients in the Drexel Medicine CARES
cohort were recruited under protocol 1,201,000,748 (Brian Wigdahl,
PI), which adheres to the ethical standards of the Helsinki Declaration
(1964, amended most recently in 2008) (Li et al., 2011). All patients
provided written consent upon enrollment.

Following enrollment, patient clinical data was collected and en-
tered into individual case report forms with anonymous identifiers.
Clinical information collected directly from the patient included: age,
self-identified gender, race, illicit drug use history, and approximate
year of seroconversion. Additional clinical information was gathered
directly from the patient chart, including: initial, nadir, and current
CD4+T-cell counts; initial, nadir, and current CD8+ T-cell counts;
peak and latest viral loads; disease status; current ART status; current
ART regimen; past ART treatments; AIDS-defining illnesses; admission
of illicit drug, alcohol, and tobacco; any notations on mental health
history including: inpatient stays for mental health reasons, any history
of depression, schizophrenia, and other neurological diseases; and any
notations on other complicating conditions related to HIV-1 infection.
After clinical information was collected and the neurological status was
assessed, blood samples (˜50mL) were drawn from each patient en-
rolled in the study and blood samples were used for drug screening,
serum analysis, and PBMC isolation as previously described (Li et al.,
2011).

4.2. Computational methodologies

Tat exon I and exon II were amplified from genomic DNA isolated
from patient-derived PBMCs as previously described (Li et al., 2011;
Aiamkitsumrit et al., 2014). Direct Sanger sequencing of a PCR product
was the predominant means of generating the sequences. Additionally,
a 4.4 kb fragment read, which consisted of amplifying a 4.4 kb fragment
from the 3′-end of the viral genome followed by isolation of individual
fragments by subcloning and Sanger sequencing was used. With respect
to the potential for sequencing errors, a stringent PHRED score cutoff of
40 was used to ensure that only quality nucleotide calls are analyzed. A
PHRED score of 40 corresponds to a 99.99% accuracy. Overall, 205

patients had a sequence for both Tat exon 1 and exon 2.
CARES participants who did not undergo Sanger sequencing for Tat

exons I and II were excluded from the subsequent analyses. Otherwise,
there were no inclusion/exclusion criteria. CARES participant in-
formation was summarized for the following characteristics: age, years
seropositive, nadir CD4 count, current CD4 count, current CD8 count,
peak log viral load, current log viral load, modified Hopkins dementia
scale (MHDS) (Liu et al., 2000), current HAART adherence, gender, and
self-admitted drug use. Once the necessary categories were coded, the
mean and standard deviation of each category was calculated. Missing
values in the columns were excluded in mean and standard deviation
calculation.

CARES Tat exon sequences were trimmed and combined into one
DNA strand before translation using purpose built scripts. All HIV-1 Tat
protein sequences were acquired from translation of the combined tat
CDS sequences. Once translated, the Tat sequences were linked to their
corresponding patient metadata and sequence length was calculated for
further analysis. Afterwards, the correlation between Tat length and all
previously mentioned categories were calculated to measure the po-
tential influence of Tat length on these other traits. Twenty seven Tat
sequences did not contain a stop codon and were excluded from the
analysis because of their unknown length.

To investigate the distribution of Tat length in the CARES Cohort
over time, a frequency table was generated between Tat length and year
the patient was sampled. This allows the visualization of Tat sequence
length frequency collected in a year. Afterwards, 15 patients of the
original 205 patients, that had at least three visits and yielded an ob-
served Tat length other than 101, were longitudinally examined for
changes in Tat length.

The LANL HIV-1 sequence database was then screened for subtype B
sequences containing full Tat coding sequence (CDS) on May 26th,
2018. All other search parameters were unmodified. These sequences
were downloaded without alignment, in a Fasta format, without gap
handling, including HXB2 Reference Sequence (K03455), named as
Subtype Country Year Name Accession, and separated into their exonic
sequences. The exons were then joined and translated for comparison to
CARES distribution of Tat lengths using purpose built scripts. To
minimize bias from multiple patient sequences, each CARES Tat se-
quence was assigned a weight value. This weight was defined as the
reciprocal of the number of Tat sequences generated from a patient; for
example, if three Tat sequences arose from a patient, each sequence
would have a weight of 1/3. The sum of these weights was interpreted
as the number of patients belonging to a category. LANL sequences
were assigned weights using the same methodology with CARES se-
quences (Foley et al., 2018). Sequences with an unknown patient ID
were assigned a weight of 1. Afterwards, the LANL data was analyzed
by country to investigate the geographical distribution of Tat length
(Foley et al., 2018).

The nucleotide sequences obtained from the CARES Cohort and
LANL database were converted into amino acids before performing the
analyses presented. The residue specific variability for CARES and
LANL Tat sequences were then analyzed by calculating their Shannon
entropy. The standard HIV-1 reference (HXB2) Tat is 86 residues long,
which would only allow entropy calculation of the first 86 residues of
Tat if used to assign positional values. To circumvent this, CARES and
LANL Tat sequences were aligned with a consensus subtype B Tat re-
ference sequence from the 2000 HIV Sequence Compendium (Kuiken
et al. (2000)) using the default settings of Clustal Omega v. 1.2.4
(Sievers et al., 2011). Afterwards, all positions where gaps existed in the
reference sequence were removed in all sequences. The Shannon en-
tropy for LANL and CARES Tat residues were then calculated using a
modified method to determine amino acid occurrence proportion at
each position. This modified method takes into account the proportion
of amino acids that was found in each patient at a position and all
proportions were divided by the number of patients found. These values
were then summed to determine the amino acid occurrence proportion
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found in each residue position and then used for Shannon entropy
calculation. The CARES and LANL alignments were also inputted into
WebLogo (Crooks et al., 2004) to generate the sequence logos found in
Supplemental Fig. 2.

On June 11th, 2019 the LANL database was queried for a consensus
Tat gene that translated into Tat 101 to use as a reference gene for dN/
dS analysis. This was found on the LANL curated alignment” page
where the selected Alignment Type was “Consensus/Ancestral” and the
pre-selected region of the HIV-1 genome was the “TAT” option. All
other options were left as default and “Get Alignment” was selected.
From the resulting fasta file, the “CONSENSUS_B” sequence was ac-
quired, ungapped, and aligned with CARES and LANL sequences using
Clustal Omega as previously described in the Methods. Sequences were
then ungapped in all positions where gaps existed in the reference.
Sequences from the CARES Cohort and the LANL database that still
contained gap characters and/or ambiguous DNA characters (e.g.
‘M’,’N’,’Y’) were disregarded for this analysis. A sliding window of 20
codons was used for calculation of dN, dS, and dN/dS for each position
for all sequences from the LANL database and CARES Cohort compared
to the consensus reference. All dN and dS values were averaged for all
sequences at each position and then dN/dS was calculated. The dN/d
ratio was then plotted using the average codon position for each given
window position.

As an example of the modified calculation, assume a cohort has
three patients. Patient one has 3 Tat sequences, and patients two and
three both have 1 Tat sequence. To calculate the modified Shannon
entropy of residue 1 of this cohort, the proportion of each amino acid
occurrence at residue 1 for each patient needs to be calculated. In this
example, the proportion of residue 1 for patient 1 was 0.6667 for
Methionine and 0.3333 for Isoleucine. In patient two, it was 1.0 for
Methionine and for patient three, 1.0 for Isoleucine. These proportions
were then divided by the total number of patients in the cohort, which
was 3 in this case. Afterwards, these are summed together by unique
amino acid. In this example, Methionine would have a value of 0.5556
and Isoleucine would have a value of 0.4444. These represent the
weighted probabilities of a particular amino acid occurring at residue 1.
Afterwards, Shannon entropy is calculated using those probabilities.

Bioinformatic analysis was performed using Python v. 3.6.5 (van
Rossum, 2019) along with the Biopython v. 1.68 (Cock et al., 2009),
Pandas v. 0.23.0 (McKinney, 2010), NumPy v. 1.14.3 (van der Walt
et al., 2011), SciPy v. 1.1.0 (Jones and Peterson, 2001), Matplotlib v.
2.2.2 (Hunter, 2007), Seaborn v.0.9.0 (Wickham, 2016), dnds v.2.1 (Qu
and alieh, 2018), pysam v.0.15.2 (Heger, 2018), and rpy2 v.2.9.5
(Gautier, 2017) external libraries. The patient longitudinal figure
creation and power calculations were performed using R v.3.4.4 (R
Core Team, 2014) along with the ggplot2 v.2.2.1 (Wickham, 2009),
scales v.0.5.0 (Wickham, 2017), and pwr v.1.1.2 (Champely, 2018)
external libraries.

4.3. Tat truncation variants

Tat101Flag, inserted into a pcDNA3.1/Hygro (+), vector was pre-
vious gifted to us by Dr. Zachary Klase (University of the Sciences, PA).
Site-directed mutagenesis (ThermoFisher) was used to initially in-
troduce a stop codon before the C-terminal Flag tag before substituting
specific residues into stop codons (see Supplemental Table 5 for oli-
gonucleotide sequences for each variant). Site-directed mutagenesis
was performed as previously described by the manufacturer. The PCR
product was transformed into One Shot MAX Efficiency DH5α-T1R
chemically competent E. coli. Sequencing analysis confirmed cloning
accuracy.

4.4. Cell culture

P4 MAGI CCR5+ (P4R5) (Naldini et al., 1996) cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS, 0.4%

penicillin and streptomycin, 0.8% Kanamycin, 0.75% sodium bicarbo-
nate, and puromycin (1 μg/mL) at 37 °C in humidified air with 5% CO2.
These cells represent a HeLa-based cell line with a single integrated
HIV-1 LTR driving expression of a β-galactosidase reporter. These cells
have also been engineered to express CD4, CXCR4, and CCR5 on their
surface through expression from non-integrated episome, with a pur-
omycin-positive selection marker.

4.5. Transient transfection

P4R5 cells were transfected using Lipofectamine 2000
(ThermoFisher) with the various Tat truncations. Empty vector (EV;
100 ng) or each of the Tat variants was added to each well in a 96-well
plate. Experiments were performed in quadruplicate on three separate
occasions (n=3). Cells were harvested at 24 h after transfection and
processed using a Tropix Galacto-Star reporter procedure (Applied
Biosystems) to quantify β-galactosidase expression, plates were read
using a GLOMAX luminometer (Promega).

4.6. Statistical analyses

Significance was assessed using an unpaired two tailed Student’s t-
test (α=0.05) between β-galactosidase expression of truncated Tats
with Tat 101′s expression (Fig. 5A). Student’s two-tailed t-test was also
used to calculate the significance of the different Tat lengths compared
to their appropriate length stop construct (Fig. 5B). To account for
multiple comparisons, the threshold for significance was subjected to a
Bonferroni correction. Student’s t-tests were performed using Python’s
SciPy library.

Data availability

The datasets generated during and/or analyzed during the current
study are available in the Tat length analysis repository, https://github.
com/DamLabResources/Tat-length-analysis. All Tat sequences have
been deposited under BioProject ID PRJNA561302.
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