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Abstract

Accurate co-receptor tropism (CRT) determination is critical for making treatment decisions in HIV
management. We created a genotypic tropism prediction tool by utilizing the case-based reasoning (CBR)
technique that attempts to solve new problems through applying the solution from similar past problems.
V3 loop sequences from 732 clinical samples with diverse characteristics were used to build a case library.
Additional sequence and molecular properties of the V3 loop were examined and used for similarity
assessment. A similarity metric was defined based on each attribute’s frequency in the CXCR4-using
viruses. We implemented three other genotype-based tropism predictors, support vector machines (SVM),
position specific scoring matrices (PSSM), and the 11/25 rule, and evaluated their performance as the
ability to predict CRT compared to Monogram’s enhanced sensitivity Trofile® assay (ESTA). Overall
concordance of the CBR based tropism prediction algorithm was 81%, as compared to ESTA. Sensitivity to
detect CXCR4 usage was 90% and specificity was at 73%. In comparison, sensitivity of the SVM, PSSM,
and the 11/25 rule were 85%, 81% and 36% respectively while achieving a specificity of 90% by SVM,
75% by PSSM, and 97% by the 11/25 rule. When we evaluated these predictors in an unseen dataset, higher
sensitivity was achieved by the CBR algorithm (87%), compared to SVM (82%), PSSM (76%), and the
11/25 rule (33%), while maintaining similar level of specificity. Overall this study suggests that CBR can
be utilized as a genotypic tropism prediction tool, and can achieve improved performance in independent
datasets compared to model or rule based methods.
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Introduction

Human Immunodeficiency Virus type 1 (HIV-1) gains entry into the human host cell by using CXCR4 (X4)
or CCR5 (R5) co-receptors [1]. Given the availability of CCR5 antagonists as a treatment option [2], it is
critical to have diagnostic assays available that quickly and accurately determine the co-receptor tropism in
a clinical setting. Several studies have been conducted to identify the genetic basis for virus’ preference in
co-receptor usage, and narrowed down the primary determinant of tropism to the 35 amino-acid of the third
hypervariable (V3) loop of HIV-1 envelope [3]. Genotype based prediction of virus tropism utilizing the
sequence of the V3 loop offers a rapid test for co-receptor usage. To date, many bioinformatics methods for
tropism prediction have been developed and tested. These bioinformatics predictors include support vector
machines (SVM) [4, 5], neural networks (NN) [6], decision trees [7], random forest [8], instance based
reasoning [9], position specific scoring matrices (PSSM) [10], multiple linear regression [11], and the 11/25
rule [12]. However, these methods generally are developed by fitting a model onto the respective training
set, and might not perform as well in independent or unseen datasets [13]. Moreover, as previously reported
[14], some of these methods were trained on clonal sequences, and may not be adequate for tropism testing
in clinical isolates that are often heterogeneous and have high levels of sequence ambiguity.

In this study, we developed a novel bioinformatics algorithm for genotypic tropism prediction utilizing the
case-based reasoning (CBR) technique. CBR [15, 16] originated in the early eighties and was quickly
adopted into a wide range of disciplines, from solving routine resource disputes as implemented in
MEDIATOR [17] to assisting with medical diagnosis [18]. A case-based reasoner attempts to solve new
problems with an unknown solution by adapting established solutions to similar problems. CBR appears to
be particularly promising as a genotype based tropism prediction method, as it directly utilizes the
genotypic information from clinical specimens generated thru bulk or clonal sequencing, without
extrapolating a model or rule set from the data. The high dimensionality of the genetic space as well as the
complexity of the co-receptor usage pose a challenge for inferring a good mathematical fit or a set of rules
to explain the tropism. CBR operates as a heuristic process that performs guided retrieval and utilization of
prior experiences, particularly, pairs of a V3 sequence with the phenotypic CRT assessment to perform in-
silico tropism prediction.

Methods

Case-Based Reasoning

Case-Based Reasoning (CBR) is an artificial intelligence technique that solves new problems based on the
solutions to similar past problems. Following steps were performed to build a CBR algorithm for genotypic
tropism prediction: 1) a case library of HIV-1 specimens was compiled from which V3 sequences and
phenotypic tropism assessments were obtained; 2) the input problem was characterized by identifying
amino-acid sites and physiochemical characteristics of the V3 sequence highly associated with tropism, and
weights were assigned to each selected feature for use in similarity assessment; 3) finally, a process for
retrieving relevant cases from the library and generating a tropism prediction according to the most similar
cases was implemented. These steps are outlined in detail in the following sections.

Data Collection and Construction of the Case Library

All V3 sequences available in Monogram’s database were obtained; these include samples from the patient
testing database for which genotypic data was available, as well as a cohort of treatment experienced
patients (TORO), plus a treatment naive cohort (LTM) [19]. In order to eliminate potential influences from
data variability, sequences and tropism assessments from a central lab (Monogram) with consistent quality
were used in all analyses performed in our study. V3 sequences were derived using population sequencing
in Monogram’s research lab. In the case of amino-acid mixtures, the ambiguity was resolved in favor of the
amino-acid more prevalent in the X4 tropic set using a PSSM model we developed based on the previously
described method [10]. Amino acid insertions and deletions were coded with an insertion or a gap character
(Z and -), respectively. All final sequences were of length 35 to allow comparison of amino-acid sequences
position by position. Duplicate sequences were removed from this set. Phenotypic co-receptor tropism was
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determined by the Monogram Biosciences’ Enhanced Sensitivity Trofile® Assay (ESTA) [20]. In all, 1012
unique V3 sequences were identified from as many patients, resulting in 595 R5 tropic and 417 Dual/Mixed
(DM) or X4 tropic viruses. Out of these, 732 (406 R5, and 326 X4/DM) predominantly subtype B samples
were selected for training purposes. Two sets of samples were set aside for testing, both with unknown
treatment history: a set of 152 commercial samples of mostly subtype B, and one set of 128 clinical
specimens with subtype C.

Subsequently, we examined additional sequence characteristics, such as the count of nucleotide and amino-
acid mixtures in the original sequence and peptide statistics, and performed statistical analysis to evaluate
the importance of these attributes relative to tropism determination.

Given that the co-receptors CCR5 and CXCR4 are different proteins with different physiochemical
characteristics in the local environment of their V3 binding sites, we were interested to explore whether
there were significant physiochemical shifts in the nature of the V3 peptide that correlated with co-receptor
usage. Physiochemical properties of the V3 amino-acid peptides were determined using the Pepstat
program [21].

Profile Hidden Markov Models (pHMM) are statistical models of multiple sequence alignments. It was of
particular interest to isolate the R5 specific characteristics (or “R5-ness”) of the sequence in a
measurement. We therefore used treatment naive, R5-using samples to minimize the possible impurity of
the virus population resulting from treatment exposure. Using this subset of samples, a multiple sequence
alignment was created and was used to generate a pHMM by applying the HMMR 3.0 application suite
[22-24].

We then examined these additional attributes using univariate analysis to identify features significantly
associated with co-receptor usage.

Univariate Analysis for Feature Selection

In order to identify significant associations between a given attribute and co-receptor usage, Fisher’s Exact
Test (FET) was performed and an odds ratio was calculated based on presence or absence of a feature in the
X4-using set. Mutations and attributes with strong association with tropism, as identified by FET, were
included as the data fields of the case library. We used the log of the odds ratio to assign a weight to every
position in the amino-acid sequence as well as all selected features.

Similarity Metric and Adaptation

To evaluate a query sequence against the case library, the query was compared to each member of the case
library. All amino-acid positions were examined for a match between the query sequence and the case in
the library. For attributes that describe the sequence characteristics as a continuous value, similarity was
defined as a range for the absolute difference. Based on the log of the odds ratios calculated in the FET
analysis, we generated an array of weights for the 35 amino-acid sites as well as the additional features in
the case library. When performing the comparison between a new problem and the cases stored in the
library, for each identical amino-acid and for every similar feature, the respective weight was added to
calculate a total similarity score.

The adaptation strategy was fine-tuned to maximize the X4 sensitivity. Based on the similarity scores
calculated for all cases in the library, if any of the top three scoring cases is DM or X4, then the query is
predicted to be X4-using, otherwise it is called R5-using.

Evaluation of the Method

We obtained performance characteristics for the CBR system using a leave-one-out (LOO) approach,
excluding the query sequence from the case library and executing the test on the remaining cases in the
library. Accuracy of the CBR system was evaluated as the ability to predict CRT compared to ESTA. We
used 2 independent datasets to further evaluate the algorithm in unseen data: one comprised of 152 mostly
subtype B, and one set of 128 subtype C samples.
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In addition, we compared the performance of CBR with SVM, PSSM, and the 11/25 rule [12], to include
previously utilized bioinformatics methods with a range of reported performance characteristics. To allow a
fair comparison between the methods, we used the same training set as the CBR system to generate PSSM
and SVM models, rather than utilizing available methods such as geno2pheno with their existing models

[5].

To construct the SVM, the V3 sequences were coded into a vector of length 35 x 22 containing 0 or 1 at
each position to describe the amino-acid composition. Counts of selected nucleotide and amino-acid
ambiguities were used as additional input parameters. The SVM model was trained using libsvm in R
package e1071 (linear kernel; cost=0.35). The cutoff for SVM decision values was optimized through
ROC analysis [25]. The PSSM model was developed according to the previously published method [10].
We also applied the 11/25 rule [12], which is based on the presence of amino-acids K or R at position 11,
and R at position 25, on our datasets.

Results

A case-based reasoning (CBR) system was constructed to perform tropism prediction based on the V3 loop
of the HIV-1 sequence. Our CBR algorithm consists of a case library of 732 V3 sequences with a matched
phenotype as determined by ESTA. We first extracted sequence characteristics that provide additional
information about the co-receptor usage. The following groups of sequence features were evaluated: 1)
count of nucleotide and amino-acid mixtures in the V3 loop; 2) peptide statistics; 3) score generated from
the pHMM developed based on a set of treatment-naive and R5-tropic samples.

Sequence and Physiochemical Characteristics

The correlation between sequence length as well as amino-acid and nucleotide mixtures and tropism was
evaluated using univariate analysis. As displayed in Figure 1A, a strong association was found between DM
tropism and presence of the nucleotide ambiguities R, Y, W, and K, as well as mixed amino-acids (X).

The Pepstats program was used to analyze each sequence in the case library and to determine its
physiochemical profile. Among the characteristics calculated were molecular weight, net charge (charge)
and isoelectric point (iep). Additionally the molar composition by biochemical class (aliphatic, aromatic,
polar/non-polar, charged, basic, acidic, tiny and small) of the V3 peptide was evaluated. The distribution of
each characteristic across the three tropism groups is shown in Figure 1B. The graphs for net charge and iep
show similar profiles, as does the charged amino-acid group. This is expected since the isoelectric point is
driven by the net charge, which is in turn driven by the percentage of charged residues that comprise a
peptide. Inferences about the nature of the charged residues are made by comparing the basic and acidic
composition graphs, with the graph for basic residues resembling the pattern for charged, charge and iep.
This suggests a preference for X4/DM tropic viruses to have V3 sequences that are more basic in nature
and to have a more basic local isoelectric point. Among the peptide statistics, charge, basic, iep, and small
groupings showed strong distinction between X4/DM and R5 tropisms (odds ratios=5.1, 5.0, 4.1, and 0.3
respectively; Bonferroni corrected p-values < 0.001).

In an attempt to capture the “R5-ness” of the virus, we obtained and examined a score generated based on a
pHMM that we developed using a subset of treatment naive and R5-using samples. This score is referred to
here as the HMM Score. As shown in Figure 1C, pure X4-tropic viruses have distinctly lower HMM scores
compared to the R5 and DM sets, while scores derived from DM viruses are generally lower than R5-using
samples, but higher than the X4-tropic set.

Amino acid positions and substitutions as well as quantity and quality of sequence ambiguities were
evaluated using Fisher’s Exact test. Graphical representation of the features significantly (Bonferroni
adjusted p-value<0.05) associated with co-receptor tropism and their weight, as derived from the odds
ratios, is shown in Figure 2.
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Figure 1: Physiochemical and sequence characteristics: A) Sequence length and count of nucleotide and amino-acid ambiguities
grouped by tropism as determined by ESTA. Abbreviations NT = nucleotide ambiguity, AA = amino-acid ambiguity. Len refers to
sequence length. All other letters correspond to IUPAC ambiguity codes. B) Distribution of physiochemical characteristics grouped
by tropism as determined by ESTA. mw= molecular weight, charge = Net charge, iep = Isoelectric point, Tiny = (A,C,G,S,T), Small =
(A,B,C,D,G,N,PS,T,V), Aliphatic = (A,LL,V), Aromatic = (FHW)Y), Nonpolar = (A,CFGLLM,PVWY), Polar =
(D,E,H,K,N,Q,R,S,T,Z), Charged = (B,D,E,H,K,R,Z), Basic = (H,K,R), Acidic = (B,D,E,Z). C) Distribution of R5 HMM score in the
case library grouped by tropism.
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Figure 2: Selected features and weights based on Fisher’s Exact test results. Red to light pink = high to
low association with X4-usage, Blue to light-blue = high to low association with R5-usage.

Performance

The predictive power of the CBR system was evaluated by performing LOO process in which each of the
732 cases was temporarily removed from the case library and was then presented to the CBR tool as a case
for tropism prediction. We obtained true positive (TP) rate or sensitivity, true negative (TN) rate or
specificity, number of false positive (FP) and false negative (FN) cases, and the overall concordance as
compared to ESTA. These results are shown in Table 1A. The CBR algorithm achieved a specificity of
73.2%, a sensitivity of 89.6% and an overall accuracy of 80.5% in the training set. Furthermore, the
training set of 732 V3 sequences was used to construct a PSSM, and a SVM model. The 11/25 rule was also
applied to this dataset. For comparison, the performance of these additional predictors is shown in Table
1A. The sensitivity of the CBR algorithm was the highest among the bioinformatics predictors we
investigated.
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Table 1A: Comparison of performance in the training set
Prediction
Training Method TN | FP | FN TP | Concordance | Spec. Sens.
CBR 297 | 109 | 34 292 80.5% 73.2% | 89.6%
set SVM 366 | 40 48 278 87.9% 90.1% | 85.3%
PSSM 305 | 101 63 263 77.6% 75.1% | 80.7%
(N=732) | y1p5Rule | 392 | 14 | 208 | 118 | 69.7% | 96.5% | 36.2%
Table 1B: Comparison of performance in an unseen dataset
Unseen Prediction
set Method TN | FP | FN TP | Concordance | Spec. Sens.
CBR 81 26 6 39 78.9% 75.7% | 86.7%
Comm. SVM 75 32 8 37 73.7% 70% | 82.2%
PSSM 81 26 1 34 75.7% 75.7% | 75.6%
Dataset
(N=152) 11/25 Rule | 101 6 30 15 76.3% 94.4% | 33.3%

Table 1. A) CBR performance in the training set, and comparison with SVM, PSSM, and the 11/25 rule. B)
CBR performance in the independent dataset 1, and comparison with SVM, PSSM, and the 11/25 rule.
Abbreviations: Spec=Specificity; Sens=Sensitivity; CBR= Case-Based Reasoning; PSSM=Position
Specific Scoring Matrices; SVM=Support Vector Machines.

Since the similarity metric of the CBR algorithm was generated and fine-tuned based on the training set, we
examined the performance of the CBR tool in other independent datasets. Additionally, we compared the
sensitivity, specificity, and overall concordance in this unseen dataset with other algorithms investigated in
this study. Results are shown in Table 1B. In this test, CBR outperformed all other methods in both
sensitivity and overall accuracy, achieving a sensitivity of 86.7% compared to 82.2% for SVM, and 75.6%
for PSSM. The sensitivity of the 11/25 rule remained very low, missing two thirds of the X4-tropic viruses.

In order to examine the robustness of the CBR tool and the case library for tropism prediction in sub-
optimal conditions, a group of 128 subtype C V3 sequences was used to test the tool’s predictive power.
The results are shown in Table 2A. Given that the case library is comprised of predominantly subtype B
samples, the CBR performed well with a specificity of 80.5%, sensitivity of 69.6% and an overall
concordance of 76.6%. The CBR performance in this subtype C set was also compared to the same SVM
and PSSM models, as well as the 11/25 rule. While the specificity of all these methods was very high
(>95%), the sensitivity to detect X4 usage was inadequate, missing almost half of X4-tropic samples in the
dataset. Moreover, to demonstrate the artificial intelligence capability of the CBR tool, and the ease of
learning from new experiences, we added the subtype C sequences to the case library and evaluated the
performance. The results improved substantially as shown in Table 2B, with a specificity of 84.1%,
sensitivity of 73.9% and an overall concordance of 80.5%, a 6% increase.

Table 2A: Comparison of performance in subtype C dataset
Prediction
Subtype C Method TN | FP FN TP | Concordance | Spec. Sens.
CBR 66 16 14 32 76.6% 80.5% | 69.6%
(N=128) SVM 78 | 4 20 | 26 78.9% 95.1% | 56.5%
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PSSM 79 3 35 11 70.3% 96.3% | 23.9%
11/25 Rule 81 1 34 12 72.7% 98.8% | 26.1%

Table 2B: Comparison of performance in subtype C dataset using an enhanced case library

Prediction
Subtype C Method TN | FP | FN | TP Concordance Spec. Sens.
(N=128) CBR Using
Case Lib+C | 69 13 | 12 | 34 80.5% 84.1% | 73.9%

Table 2. A) CBR performance on the subtype C dataset, and comparison with SVM, PSSM, and the 11/25
rule. B) CBR performance on the subtype C dataset when including subtype C samples into the case library.
Abbreviations: Spec=Specificity; Sens=Sensitivity; CBR= Case-Based Reasoning; PSSM=Position
Specific Scoring Matrices; SVM=Support Vector Machines.

Finally, we explored the feasibility and possible benefits of combining these bioinformatics methods [26].
Due to the poor performance of the 11/25 rule, only CBR, SVM, and PSSM were included in this analysis.
Tropism predictions made by each method were examined, and the true positive and true negative calls
were investigated in the form of a Venn diagram. Figure 3A shows the calls made within X4 using (X4 or
DM tropic) viruses, and 3B displays the predictions within R5-tropic subset. As shown in Figure 3A,
among 326 X4 using viruses there are 23 correctly called positive by solely CBR, compared to 1 by SVM
and 3 by PSSM. In contrast, among 406 R5 viruses, 27 were correctly identified by SVM, and 2 by PSSM
that were falsely called positive by CBR (Figure 3B). The non-overlapping sets of true positive and
negative samples led us to believe that combining the predictions from different algorithms may improve
the classification accuracy. We have implemented 2 ensemble algorithms by voting, utilizing the 3
classifiers that showed reasonable performance in this study (CBR, SVM, and PSSM) and predicting X4
usage if: (1) at least 1 method calls the sample X4 (anyX4), and (2) if >2 out of 3 predict X4 (majorityX4).
Concordance of anyX4 and majorityX4 with ESTA were 77% and 87%, with sensitivity of 94% and 79%
and specificity of 66% and 92%, respectively.
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Figure 3: Venn diagram for tropism calls made by CBR, SVM, and PSSM models: A) within X4 using
viruses (X4 or DM tropic), B) within R5 tropic viruses. CBR= Case-Based Reasoning; PSSM=Position
Specific Scoring Matrices; SVM=Support Vector Machines.

Discussion

Performing in-silico prediction of HIV-1 co-receptor usage on the basis of the V3 loop is a challenging task
due to the high variability of the viral envelope. We present a novel approach utilizing the case-based
reasoning (CBR) technique to perform genotypic tropism prediction. Additionally, the performance of
several bioinformatics techniques utilized as research tools or in the clinical practice are investigated and
compared to CBR. In the training set, CBR achieved a higher sensitivity (89.6%) than SVM (85.3%),
PSSM (80.7%), or the 11/25 rule (36.2%). The specificity of the CBR tool (73.2%) was lower than SVM
(90.1%) and the 11/25 rule (96.5%), but comparable to PSSM (75.1%). The CBR adaptation strategy was
adjusted to have high X4 sensitivity, since it would be important to identify patients who are not good
candidates for CCR5 antagonist therapy and may have better treatment options. As a trade-off to higher
sensitivity, CBR achieved lower specificity. When these methods were evaluated in an independent dataset,
sensitivity to detect X4 usage was considerably better for CBR (86.7%), compared to SVM (82.2%), PSSM
(75.6%), and the 11/25 rule (33.3%), while specificity dropped or remained at a comparable level as the
training set. Since models such as SVM and PSSM are developed by generating a mathematical fit based
on the training set, lower performance is expected when the model is applied on unseen datasets. CBR
seems to have an advantage in that aspect since the core knowledge base is stored as a set of cases with
their solution, and even though the similarity metric and adaptation strategy need to be fit to the training
set, the main database is not extracted into a different format where sub-optimal extrapolation might be
performed.

Diagnostic accuracy of CBR depends on the distribution of the study population stored in the case library,
and can be improved by including a large spectrum of V3 sequences with diverse characteristics into the
library. In our study, the accuracy of the algorithm for predicting tropism in a subtype C dataset improved
by 6% when a set of samples with subtype C were added to the case library. This also demonstrates the ease
of implementing and maintaining a CBR system. Existing databases of matched phenotype and genotype
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can be utilized as a case library. Furthermore, the CBR algorithm can learn from new experiences by
adding informative cases to the library. Instance based reasoning (IBR) which is a subclass of the case-
based reasoning family has been implemented by Prosperi et al [9], but hasn’t demonstrated improved
performance as compared to SVM. This may be at least partly due to the implementation of the IBR system
in that study utilizing Euclidean distance rather than a weighted similarity metric which was used in our
CBR and allowed us to take advantage of the detailed significance levels of the features associated with the
viral tropism.

We examined the granularity of the tropism predictions made by the CBR, SVM, and PSSM algorithms.
Among 732 samples in the training set, we found 24 DM- tropic viruses that none of the algorithms could
correctly identify as X4-using. We speculate that the X4 determination for these viruses may lie outside of
the V3 loop [27, 28]. Additional studies with the entire gp160 sequence are necessary in order to confirm
and identify other regions that influence co-receptor usage. For the remaining cases, correct tropism
predictions were made by each individual algorithm that were false negative or positive by others. This
suggests that each method has unique strength, and therefore, applying sophisticated boosting techniques
[29, 30] may lead to better results. We implemented simple ensemble algorithms by voting. While using
anyX4 improved the sensitivity to detect X4-using viruses to 94%, the specificity took a hit and was
reduced to 66%. The reverse happened for majorityX4 that achieved improved specificity (91%), but
decreased sensitivity (79%). It would be worth investigating other, more complex meta algorithms such as
bagging [31] and decision trees, utilizing the scores generated by all these techniques and combining them
to improve the accuracy of the predictions.

We demonstrated that different sites and amino-acid substitutions in the V3 loop as well as additional
physiochemical and sequence attributes influence the co-receptor tropism differently. We found evidence,
as examined by Fisher’s Exact test, that mutations 7Y, 7K, 81, 9K, 11R, and 30V are amongst amino-acid
changes strongly associated with X4 usage (odds ratio > 20, Bonferroni corrected p-value<0.001).
Additionally, we have shown that amino-acid and certain types of nucleotide mixtures occur substantially
more within DM samples, which is expected given the inherent nature of Dual/Mixed viruses. We also
evaluated peptide statistics extracted from the V3 sequence, and found that increased total charge,
isoelectric point, and basic values, as well as decreased value measured in the small grouping are strongly
associated with X4 tropism. In general, we found a set of sequence, physiochemical, and molecular
characteristics of the V3 peptide that correlated with tropism. Here, we present this biologically relevant
data, and were able to leverage this information and utilized the additional properties of the V3 loop to
better assess similarity in the context of tropism. Some of these additional sequence characteristics could
not easily be incorporated into the SVM and PSSM models, which may contribute to the lower accuracy of
these models compared to CBR. Additional studies correlating the predictions with the clinical outcome of
patients who had undergone CCR5 antagonist therapy would be required to assess the algorithm as a
predictor of response [32].

In conclusion, case-based reasoning could be utilized as a genotypic tropism prediction algorithm. We were
able to achieve improved sensitivity and specificity in independent datasets when comparing CBR with
other bioinformatics predictors, in particular, SVM, PSSM, and the 11/25 rule. Further prospective studies
are necessary in order to evaluate the feasibility of applying a CBR based tropism prediction tool prior to
utilization in a clinical setting.
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