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RHIVDB: A Freely Accessible Database of HIV Amino Acid Sequences and Clinical Data of Infected Patients
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Human immunodeficiency virus (HIV) infection remains one of the most severe problems for humanity, particularly due to the development of HIV resistance. To evaluate an association between viral sequence data and drug combinations and to estimate an effect of a particular drug combination on the treatment results, collection of the most representative drug combinations used to cure HIV and the biological data on amino acid sequences of HIV proteins is essential. We have created a new, freely available web database containing 1,651 amino acid sequences of HIV structural proteins [reverse transcriptase (RT), protease (PR), integrase (IN), and envelope protein (ENV)], treatment history information, and CD4+ cell count and viral load data available by the user’s query. Additionally, the biological data on new HIV sequences and treatment data can be stored in the database by any user followed by an expert’s verification. The database is available on the web at http://www.way2drug.com/rhivdb.
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INTRODUCTION

Human immunodeficiency virus (HIV) along with other viruses has a high social impact due its ability to spread from one person to another. According to the latest data1, in 2020, the estimated number of new infection cases was over 1.5 million, while more than 38 million people are currently living with HIV [see text footnote 1]. All known antiretroviral drugs can only suppress viral replication but it is still impossible to eliminate the virus from human body completely (Geronikaki et al., 2016). Due to its high mutagenicity HIV is capable to develop resistance, to existing antiretroviral drugs (Geronikaki et al., 2016). Data on the amino acid sequences of HIV proteins, including reverse transcriptase (RT), protease (PR), integrase (IN), and envelope protein (ENV), are important for the prediction of HIV drug resistance (Liu and Shafer, 2006; Toor et al., 2011; Raposo and Nobre, 2017; Ramon et al., 2019; Steiner et al., 2020) and the so-called drug exposure, which is considered one of the features potentially associated with HIV drug resistance (Pironti et al., 2017). With data from the (i) amino acid sequences of HIV proteins, (ii) drug combinations used to treat HIV-positive patients, and (iii) clinical data obtained from the patients, it is possible to build models predicting (a) drug exposure and HIV drug resistance and (b) therapeutic effectiveness based on the HIV sequence data and the treatment history (Tarasova et al., 2020).

There are databases of amino acid and nucleotide sequences of HIV freely available for downloading and analysis (Kuiken et al., 2003; Rhee et al., 2003; Shafer, 2006). Particularly, Los Alamos National Laboratory (LANL) HIV sequence database contains over 900,000 sequences of HIV, which can be found by a user’s query. Retrieved sequences can be aligned to assess their similarity with resistant samples or to investigate phylogeny. LANL HIV sequence database also contains premade alignments that can be used to investigate frequently occurred mutations, which may cause drug resistance. HIV drug resistance database (Rhee et al., 2003), developed and maintained at Stanford University, includes three main types of data: “genotype-phenotype,” “genotype-treatment,” and “genotype-clinical.” “Genotype-phenotype” relationship includes information about HIV sequences and the data on their drug resistance/susceptibility, including resistance against HIV RT, PR, and IN inhibitors. It includes data on over 15,000 isolates tested on drug resistance in various assays. “Genotype-treatment” data includes over 300,000 sequences retrieved from HIV samples with the set of drugs taken by a patient. “Genotype-clinical” data contains over 1,500 episodes of the particular drug combinations taken by a patient along with some clinical data (CD4+ cell count and viral load at the time). There are statistics on the mutation prevalence, patterns of drug resistance mutations, and a summary of major and minor drug resistance positions. These databases are beneficial for HIV drug resistance analysis.

In addition to the databases that have already been developed, we have created a new, freely available web database, RHIVDB, to provide comprehensive data on HIV amino acid sequences, clinical data, and drug treatment history information. The main feature of RHIVDB is the availability of drug treatment history and clinical data for each record.

RHIVDB is developed based on the clinical data and the data on amino acid sequences of the HIV proteins collected in the Russian Federation in the Central Research Institute of Epidemiology. The database contains information about amino acid sequences of HIV proteins, drug combinations that were taken by a patient during a particular period, and CD4+ cell count and viral load data available for fast downloading on the user’s query. The database can be used for determining the effectiveness of particular drug combinations, analysis of HIV sequences for various cohorts of patients, building models for prediction of therapeutic success based on sequence, clinical, and drug history data.



METHODS

Plasma samples were obtained as part of routine drug resistance testing in all federal districts of the Russian Federation. The dates of diagnosis include years from 1997 to 2019. Blood sampling dates ranged from January 2014 to December 2019.

RNA extraction and HIV genome amplification were carried out by ViroSeq HIV-1 Genotyping System (Abbott Molecular, United States) or AmpliSens HIV-Resist-Seq (Central Research Institute of Epidemiology, the Russian Federation). The amplified region of the pol region was at least 1,092 nucleotides length and covered positions 2,253–3,344 with respect to the reference HIV-1 strain HXB2 [GenBank: K03455 (Ratner et al., 1985)]2. The amplified region of the env region was 420 nucleotides length and covered positions 6,954–7,374 of HXB2 strain. The nucleotide sequences of the pol and env regions were obtained using Sanger sequencing. Nucleotide sequences represented the part of the pol region encoding HIV PR and RT. Therefore amino acid sequences obtained from nucleotide sequences include corresponding PR and RT parts.

Data on HIV sequences with drug combinations used and data on CD4+ and viral load titer were processed for (i) duplicates removal; (ii) standardization of the drug names representation; (iii) verification of amino acid sequences data.

The RHIVDB web database uses the MySQL server to store data. The schema of the database is provided in Figure 1.
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FIGURE 1. The RHIVDB database schema.


PHP and HTML codes were used to implement the main interface, and jQuery plugin DataTables for data accessing and manipulating (sorting, paging, and filtering). The scripts for data export and search were developed using PHP scripting language. They are available as a part of Supporting Information.



RESULTS

The RHIVDB database contains data on the amino acid sequences of HIV proteins, including the RT, PR, integrase IN, and HIV envelope proteins. In addition, it includes combinations of antiretroviral drugs taken during a particular time period and CD4+ cell count and viral load data during the periods of treatment in the database. The data stored in the RHIVDB do not contain any personal information about patients. The database is freely available on the web [see text footnote 3].

As of March 2021, the database contains 1,653 records on HIV-1 sequence data collected from different patients. For the web-accessible database, we chose only the records that consisted of both sequence and clinical data. For all 1,094 patients, there is information about CD4+ cell count and the number of HIV RNA copies per one ml. Sequence data on RT and PR are available for all 1,094 patients, while for IN and ENV, the data on sequences are available for 281 and 276 patients, respectively. For 434 records, there are data on the drug combinations taken by patients. The total numbers of records corresponding to each parameter are shown in Table 1.


TABLE 1. Database characteristics. Number of records and values for each quantitative parameter of the database (A); number of records containing data on drug combinations and viral sequences (B).

[image: Table 1]The database interface provides data on therapy, with the periods during which the particular drug or a combination was taken, and the flag indicating therapy change during treatment. CD4+ cell count and viral load parameters measured in a certain data are provided in the columns “CD4” and “Viral load.” The database includes the patient’s information about age, gender, the date of diagnosis.

The user can perform a search using keywords (“Search” tab). Complex queries are available through the Filter option. It is possible to include several simple queries and combine them using Boolean operators “and”, “or.” Additionally, a user can quickly examine the records satisfying a particular CD4+ cell count or viral load (titer). Retrieved data can be easily exported in Microsoft Excel (CSV), Adobe Acrobat Reader (PDF), and Extensible Markup Language (XML) formats by selecting a particular option. Such options provide an easy way to process the data stored in the database.

Contributions to the database are possible for registered users who are signed in. After data verification by the experts, the information can be added into the database.

If antiviral drug resistance occurs, it is necessary to change a patient’s antiretroviral therapy. On average, for each patient from the database, there are two schemas of therapy. The maximum number of therapy regimens per person is 14. The data stored in the database allow the user to collect information about the therapy (a drug combination) and its effects on the viral load and CD4+ cell count.



DISCUSSION

The RHIVDB database information provides basis for the selection of the most effective treatment schema and for building models of treatment effectiveness based on clinical data (CD4+ cell count, viral load). The data on the amino acid sequences can be used along with treatment and clinical data to predict drug exposure or treatment effectiveness (Tarasova et al., 2020).

The correlations of the number of HIV-1 sequence to antiretroviral drug combination (A) and to the individual drugs (B) that the patient was taking before the sequence was determined are shown in Figure 2.
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FIGURE 2. The availability of the amino acid sequences (Y-axis) collected for each HIV protein in association with the particular amino acid sequences obtained from the patients taking a particular drug (A) or drug combination (B).


The database can help evaluate the therapeutic effectiveness and estimate the mutations’ occurrence related to a patient’s particular drug or drug combinations. Further, we demonstrate its applicability for two purposes: (i) search for CD4+ count and viral titer for particular drug combinations and (ii) evaluating the mutation frequency associated with nucleoside inhibitor abacavir as a case study.

Based on the data collected in the database, it is possible to identify some associations between drugs taken by a patient and CD4+ lymphocytes count or viral load. These parameters, along with the clinical symptoms, are used for the understanding of therapeutic success. We illustrate the applicability of the database for such purposes. Figures 3A,B display the distribution of the mean CD4+ cell count and various viral load values for specific drug combinations, respectively.
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FIGURE 3. The distribution of mean CD4+ cell count (A) and logarithmic values of viral load (B) for specific drug combination.


Data in Figure 3 provides information regarding drug combinations characterized by the highest and lowest therapeutic efficacy for the cases included in the database. Additionally, in most cases, the average viral load values are remarkably similar to each other after 3 months, 6 months, and 1 year after the beginning of therapy; the same trend might be observed and for CD4+ cell count. It means that in most cases if a drug combination is effective 3 months after the beginning of the therapy, there is a high chance that it is effective after a year.

To demonstrate the applicability of the database to the estimation of amino acid substitutions prevalence associated with a particular drug, we performed such analysis for abacavir and zidovudine (nucleoside reverse transcriptase inhibitors) as a case study. We performed the search in the database and selected 101 and 247 amino acid sequences associated with abacavir and zidovudine taken by a patient, respectively. Based on the dates of therapy changes, we selected 39 sequences, for which the period of therapy with abacavir exceeded 90 days. The number of sequences associated with zidovudine (for the period over 90 days) was 245. If an exact date of therapy change is unknown, sequences obtained in the same year were excluded. These sequences were aligned using the ClustalW tool (Sievers et al., 2011). As a result, we obtained a set of substitutions associated with therapy schemes included abacavir and zidovudine (Table 2).


TABLE 2. The substitutions appeared in the amino acid sequences of HIV RT of the samples, retrieved from patients that used nucleoside RT inhibitor abacavir or zidovudine in therapy schemes.

[image: Table 2]It is worth noting that some of them are included in the list of major drug mutations associated with therapy schemes included nucleoside reverse transcriptase inhibitors (for instance, 65 K/R, 74 V/L)3, while other substitutions are not common. Interestingly, some of these sequences are characterized by substitutions at 101 and 103 positions, typically associated with resistance to NNRTIs. This example demonstrates that using RHIVDB it is possible to obtain some new information about substitutions that can be associated with the particular drug taken as a part of therapeutic drug combinations.

The further development of our database will provide an opportunity to collect data on various groups of patients who may have different susceptibilities to HIV infection (Lieberman et al., 2001; Jülg and Goebel, 2005; Gonzalo-Gil et al., 2017; Pironti et al., 2017; Lopez-Galindez et al., 2019; Ivanov et al., 2020). We believe that RHIVDB will help analyzing information about patients who do not develop a high viral load over a long time period. The information about the patients, sequence data, CD4+ cell count, and viral load may be used for developing the models of viremic control based on the patients’ data and viral sequences. Therefore, the database can be helpful for developing personalized methods for HIV/AIDS treatment. These methods in particular may include the analysis of gene expression of the HIV-positive patients, analysis of a therapy regimen, allowing identify their individual reply to the particular combination of antiretroviral drugs.



CONCLUSION

We developed the database of HIV amino acid sequences containing the data on the combinations of antiretroviral therapy taken by a patient. Additionally, it contains information on the blood parameters that indicate the severity of HIV infection progress and the effectiveness of antiretroviral drug therapy. RHIVDB can be used by clinical specialists, biologists, bioinformatics for analysis of therapy effectiveness, HIV susceptibility and its resistance to antiretroviral therapy, and the variability of HIV sequences considering drug therapy. This database is available on the Internet for any user, it does not require registering an account. The biological data on new HIV sequences and data of therapy can be stored in the database by any user followed by the verification by an expert in the field of HIV epidemiology.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: Dataryad and accession name RHIVDB data. https://datadryad.org/stash; https://datadryad.org/stash/share/iqb_UwuHd61_I5_z6bot9ui9PKoeEzBxpxX187vnEy0.



AUTHOR CONTRIBUTIONS

OT: idea, manuscript writing, and review. AR: database realization and manuscript writing. DK: collecting amino acid sequences, clinical data on CD4+ cell count, viral load, and manuscript editing. VP: manuscript review and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by Russian Science Foundation grant 19-75-10097.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2021.679029/full#supplementary-material


FOOTNOTES

1
http://www.who.int

2
https://www.ncbi.nlm.nih.gov/nuccore/1906382

3
NRTI Resistance Notes – HIV Drug Resistance Database (https://www.stanford.edu/)


REFERENCES

Geronikaki, A., Eleftheriou, P., and Poroikov, V. (2016). “Anti-HIV agents: current status and recent trends,” in Communicable Diseases of the Developing World in Topics in Medicinal Chemistry, ed. A. K. Saxena (Cham: Springer), 37–95.

Gonzalo-Gil, E., Ikediobi, U., and Sutton, R. E. (2017). Mechanisms of virologic control and clinical characteristics of HIV+ elite/viremic controllers. Yale J. Biol. Med. 90, 245–259.

Ivanov, S., Lagunin, A., Filimonov, D., and Tarasova, O. (2020). Network-based analysis of OMICs data to understand the HIV–host interaction. Front. Microbiol. 11:1314. doi: 10.3389/fmicb.2020.01314

Jülg, B., and Goebel, F. D. (2005). Susceptibility to HIV/AIDS: an individual characteristic we can measure? Infection 33, 160–162. doi: 10.1007/s15010-005-6305-4

Kuiken, C., Korber, B., and Shafer, R. W. (2003). HIV sequence databases. AIDS Rev. 5, 52–61.

Lieberman, J. P., Manjunath, S. N., and Andersson, J. (2001). Dressed to Kill? A review of why antiviral CD8 T lymphocytes fail to prevent progressive immunodeficiency in HIV-1 infection. Blood 98, 1667–1677. doi: 10.1182/blood.v98.6.1667

Liu, T. F., and Shafer, R. W. (2006). Web resources for HIV type 1 genotypic-resistance test interpretation. Clin. Infect. Dis. 42, 1608–1618. doi: 10.1086/503914

Lopez-Galindez, C., Pernas, M., Casado, C., Isabel Olivares, I., and Lorenzo-Redondo, R. (2019). Elite controllers and lessons learned for HIV-1 cure. Curr. Opin. Virol. 38, 31–36. doi: 10.1016/j.coviro.2019.05.010

Pironti, A., Pfeifer, N., Walter, H., Jensen, B.-E. O., Zazzi, M., Perpétua Gomes, P., et al. (2017). Using drug exposure for predicting drug resistance — a data-driven genotypic interpretation tool. PLoS One 12:e0174992. doi: 10.1371/journal.pone.0174992

Ramon, E., Belanche-Muñoz, L., and Pérez-Enciso, M. H. I. V. (2019). Drug resistance prediction with weighted categorical kernel functions. BMC Bioinformatics 20:410. doi: 10.1186/s12859-019-2991-2

Raposo, L. M., and Nobre, F. F. (2017). Ensemble classifiers for predicting HIV-1 resistance from three rule-based genotypic resistance interpretation systems. J. Med. Syst. 41:155. doi: 10.1007/s10916-017-0802-8

Ratner, L., Haseltine, W., Patarca, R., Livak, K. J., Starcich, B., Josephs, S. F., et al. (1985). Complete nucleotide sequence of the AIDS Virus, HTLV-III. Nature 313, 277–284. doi: 10.1038/313277a0

Rhee, S.-Y., Gonzales, M. J., Kantor, R., Bradley, B. J., Ravela, J., and Shafer, R. W. (2003). Human immunodeficiency virus reverse transcriptase and protease sequence database. Nucleic Acids Res. 31, 298–303. doi: 10.1093/nar/gkg100

Shafer, R. W. (2006). Rationale and uses of a public HIV drug-resistance database. J. Infect. Dis. 194(Suppl. 1), S51–S58. doi: 10.1086/505356

Sievers, F., Wilm, A., Dineen, D., Gibson, T. J., Karplus, K., Li, W., et al. (2011). Fast, scalable generation of high-quality protein multiple sequence alignments using clustal omega. Mol. Syst. Biol. 7:539. doi: 10.1038/msb.2011.75

Steiner, M. C., Gibson, K. M., and Crandall, K. A. (2020). Drug resistance prediction using deep learning techniques on HIV-1 sequence data. Viruses 12:560. doi: 10.3390/v12050560

Tarasova, O., Biziukova, N., Kireev, D., Lagunin, A., Ivanov, S., Filimonov, D., et al. (2020). A computational approach for the prediction of treatment history and the effectiveness or failure of antiretroviral therapy. Int. J. Mol. Sci. 21:748. doi: 10.3390/ijms21030748

Toor, J. S., Sharma, A., Kumar, R., Gupta, P., Garg, P., and Arora, S. K. (2011). Prediction of drug-resistance in HIV-1 subtype C based on protease sequences from ART naive and first-line treatment failures in north india using genotypic and docking analysis. Antiviral Res. 92, 213–218. doi: 10.1016/j.antiviral.2011.08.005


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Tarasova, Rudik, Kireev and Poroikov. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fgene-12-679029-g002.jpg
2 Pro-Rev mEnv =mint

1200

1000 -

d4T RAL DRV ETR FTC

ddl

3TC ZDV EFV RTV TDF LPV ABC NVP PHAZT ATV

EPro-Rev mEnv mint

180






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		RHIVDB: A Freely Accessible Database of HIV Amino Acid Sequences and Clinical Data of Infected Patients



		INTRODUCTION



		METHODS



		RESULTS



		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fgene-12-679029-g001.jpg
id INT(11) id_therapy INT(11) id INT(11) Tid INT(11) Tid INT(11)

< abbreviation YARCHAR(4S) id_drug INT(11) < description ¥ ARCHAR(145) ©id_person YARCHAR(45) ©id_person VARCHAR(4S)

© name YARCHAR(4S) 2idINT(11) < abbrevigtion VARCHAR(4S) © value INT(11) S value INT(11)

& syncnym VARCHAR(145) Indexes < synenym_abbr VARCHAR(4S) < date DATE & date DATE

© synenym_abb VARCHAR(4S) © drugs_ids Y ARCHAR(45) < sign YARCHAR(45) < sign VARCHAR(4S)
Indexes » Indexes » Indexes >

< drugcol YARCHAR(4S) |

< description YARCHAR(245) *
*
|
< company VARCHAR(4S) ES |
< type YARCHAR(200) }
< type_short VARCHAR(4S) ] 7idINT(11) |
Indexes > VidINT(11) 7 id_uniq VARCHAR(4S) m L
< id_person YARCHAR(45) < birthday DATE 7idINT(11)
©id_therapy VARCHAR{45) < gender INT(11) y— — — | Qid_person VARCHAR(45)
< year_begin INT(11) fO— & region YARCHAR( 145) < value BLOB
< year_end INT(11) O federal_districts YARCHAR(145) © date DATE
© name_therzpy YARCHAR(60) 115 date_first_blot DATE < genbank YARCHAR(100)
< syncnym_therapy VARCHAR(4S) } < year_first_blot INT(11) ;- —9 < hiv_type VARCHAR(100)
© drug INT(11) < month_begin INT(11) S [ ©id_kireev varcHAR(4s) w—| < protein_type VARCHAR(100)
< drug INT(11) < month_end INT(11) < year_birthday INT(4) < method_type VARCHAR(45)
< abbreviation Y ARCHAR(4S) © date_begin DATE © month_birthday INT(2) ©hiv_type_short VARCHAR(45)
© comment YARCHAR(145) © date_end DATE < month_first_blot ¥ ARCHAR(45) < genbank_full_genome VARCHAR(4S)
¥ > Indexes » Ind > Indexes »
) T = e






OPS/images/fgene-12-679029-t001.jpg
(A)

Parameter Number of  Mean Standard
records deviation

CD4+ cell count 1,732 343.3 266

Viral load (copies per ml) 1,823 62,475 57,625

Age 1,003 39 9.96

(B)

Parameter Number of records

HIV RT and PRamino acid sequences 1,653

HIV IN amino acid sequences 281

HIV ENV amino acid sequences 276

Drug combination, total 434

Protease inhibitors 104

Reverse transcriptase inhibitors (NRTIs) 409

Reverse transcriptase inhibitors (NNRTIs) 344

Integrase inhibitors 31






OPS/images/fgene-12-679029-t002.jpg
Abacavir Zidovudine

Position Substitution N % N %
35 T 23 59 158 64
| 9 23 59 24
AR) 5 0.8
v 2 19 Z
M 2 3
K 2 4
36 D 22 56 88 36
E 20 81 157 64
43 K 34 87 234 96
E 2 5 6 2
A 1 3 2 0.8
R 2 3 1
49 K 36 92 239 97
R 3 8 6 3
60 Y 30 77 218 88
1 9 23 27 12
65 K 33 85 195 79
R 4 10 50 21
N 2 5 0 0
70 K 35 90 232 94
R 4 10 10 5
E 0 0 2 0.8
G 0 0 1 0.2
74 L 31 79 230 93
\Y 17 44 10 5
90 \'4 33 85 215 87
| 6 15 30 13
101 K 27 69 188 76
E 7 18 55 23
Q 4 10 0 0
R 2 0.8
103 K 34 87 217 89
N B 13 28 11

The amino acid residue of the consensus HIV reverse transcriptase sequence is
provided in bold.





OPS/images/cover.jpg
frontiers
in Genetics

RHIVDB: A Freely Accessible

Database of HIV Amino Acid

Sequences and Clinical Data
of Infected Patients









OPS/images/fgene-12-679029-g003.jpg
A 800

700 25

400

an Al

3TC+EFV+TDF  ZDV+3TC+EFV  3TC+NVP+TDF 3TC+ABC+EFV 3TC+LPV/r+ZDV 3TC+ABC+LPV/r
E >3 month ®W>6month m>12month

o
o

o
o

3TC+EFV+TDF ZDV+3TC+EFV 3TC+NVP+TDF 3TC+ABC+EFV  3TC+LPV/r+ZDV ~ 3TC+ABC+LPV/r

®>3 month ®>6 month ®>12 month





OPS/images/logo.jpg
’ frontiers
in Genetics





