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Abstract

Despite significant progress in vaccine research, the level of protection provided by vaccina-
tion can vary significantly across individuals. As a result, understanding immunologic varia-
tion across individuals in response to vaccination is important for developing next-
generation efficacious vaccines. Accurate outcome prediction and identification of predictive
biomarkers would represent a significant step towards this goal. Moreover, in early phase
vaccine clinical trials, small datasets are prevalent, raising the need and challenge of build-
ing a robust and explainable prediction model that can reveal heterogeneity in small data-
sets. We propose a new model named Generative Mixture of Logistic Regression (GeM-
LR), which combines characteristics of both a generative and a discriminative model. In
addition, we propose a set of model selection strategies to enhance the robustness and
interpretability of the model. GeM-LR extends a linear classifier to a non-linear classifier
without losing interpretability and empowers the notion of predictive clustering for character-
izing data heterogeneity in connection with the outcome variable. We demonstrate the
strengths and utility of GeM-LR by applying it to data from several studies. GeM-LR
achieves better prediction results than other popular methods while providing interpretations
at different levels.

Author summary

Vaccines have proven to be a powerful tool in preventing infectious diseases, yet their
effectiveness can vary significantly from person to person. This variability underscores the
need for a better understanding of how individuals’ immune systems respond to
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vaccination, which is essential for achieving successful immunization across a broader
population. In our study, we introduce a new model called the Generative Mixture of
Logistic Regression (GeM-LR) to predict vaccine effectiveness in different individuals.
This model is particularly beneficial when only small datasets are available, a common
challenge in vaccine research, whereas many advanced machine learning methods require
large training datasets. GeM-LR integrates mixture modeling and logistic regression to
provide more accurate predictions while also offering insights into the factors that con-
tribute to varying vaccine responses among individuals. We demonstrate that our model
outperforms other standard methods in terms of accuracy and enhances the understand-
ing of data for future research. Our innovative approach holds great promise for improv-
ing vaccine development. By revealing hidden patterns within small datasets, GeM-LR
aims to make vaccine research more efficient and impactful.

1. Introduction

Many machine learning methods have been applied successfully to binary outcome prediction
problems in the biomedical research area, such as disease gene prediction [1,2], binary bio-
medical image segmentation [3], and binary disease outcomes prediction [4-7]. Biomedical
data often feature multi-dimensional, complex distributions, with heterogeneous sources of
noise, necessitating advanced modeling methods. To achieve accurate outcome prediction,
these advanced methods, usually of high complexity, must be trained using a large training set.
When analyzing small datasets, the advantage in predictive performance of these state-of-the-
art methods diminishes. Given the difficulties in interpreting complex models, they are not
appealing to use without a significant gain in predictive performance.

Small datasets are prevalent in early phase vaccine clinical trials, where the sample size (i.e.,
the number of participants in a study) ranges from tens to a few hundred. Despite many
advances in vaccine development, the variability in the level of protection provided by a vac-
cine across individuals remains substantial and is primarily attributed to diverse immune
responses within a population [8-13]. Such inter-individual variations in immune responses
to vaccinations impose great challenges in both designing more effective vaccines and deploy-
ing them to the public. As a result, it is critical to understand and identify such variations to
accurately predict which individuals have responded to vaccines and which have not. Further-
more, the ability to identify predictive biomarkers, i.e., correlates of protection, while predict-
ing vaccine efficacy can be a powerful tool to expedite and benchmark vaccine development.
Machine learning methods capturing individual variations can potentially achieve more accu-
rate predictions. However, those methods will typically result in increased model complexity
that can suffer from overfitting with small datasets and render less interpretable models. Thus,
there is a need for developing robust and reliable methods for small datasets capable of
addressing heterogeneity in data.

We have developed a new class of Generative Mixture of Logistic Regression (GeM-LR) mod-
els to overcome the aforementioned challenges. GeM-LR is designed to capture the variation
in the relationship between the features and the outcome when the input vector resides in dif-
ferent regions of the feature space. As a result, two types of data variations are specified by a
GeM-LR. First, the feature space is partitioned into regions, which exhibit variation between
the input vectors. Second, the region- or cluster-wise predictive models vary in terms of the
mapping from the input to the predicted output. For example, different biomarkers may be
selected for prediction. The essential concept is to first uncover data heterogeneity in the
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feature space by partitioning the data into more homogeneous subgroups (clusters). Here,
“homogeneous” means that not only are the feature vectors similar, but also the relationship
between the outcome variables to be predicted and the feature vector is linearly coherent. The
heterogeneity, on the other hand, is preserved and reflected as between-cluster variations.
Assuming that each subgroup is homogeneous, we use linear classification models within each
cluster. In particular, we choose the widely used linear logistic regression with sparsity regular-
ization, which performs competitively for smaller sample sizes and yields an easy-to-explain
prediction function. Essentially, the clustering analysis, to be done by a generative model,
allows us to characterize a complex outcome prediction function by a composite of much sim-
pler functions, an effective way to balance model complexity and flexibility. Most crucially,
this strategy empowers the notion of predictive clustering, which allows individuals grouped
together to share similar predictive biomarkers associated with their outcome variables. The
joint estimation of parameters in GeM-LR also facilitates information sharing across clusters.

We also developed model selection procedures which help us decide how many clusters are
needed and identify features most useful for annotating a cluster and those most effective for
predicting the outcome of a given study (potential predictive biomarkers). Thus, contrary to
many other machine learning methods, GeM-LR offers more model interpretability and sheds
light on data heterogeneity. The capability to extract different predictive biomarkers for differ-
ent groups of individuals may provide insight into why some individuals do respond to vac-
cines while others do not. Our modeling approach will provide essential information for
understanding individuals’ predictive immune response patterns so that vaccine candidates
can be prioritized to elicit the biomarkers associated with favorable outcomes [14-16]. In addi-
tion, GeM-LR, by design, is computationally very efficient and easy to implement, and the
number of tuning parameters is minimal.

We demonstrate the utility of GeM-LR by applying the model to data from three vaccine
trials. We also compare GeM-LR with popular machine learning methods, including logistic
regression with elastic net penalty [17, 18], cluster-then-predict (CP), K-nearest neighbor
(KNN) classification [19], random forest (RF) [20] and shallow neural network (SNN). The
results demonstrate that GeM-LR can achieve higher predictive performance while providing
insights into the data heterogeneity. Hence, it is a highly useful approach for analyzing vaccine
studies.

2. Methods

In this section, we introduce the method of Generative Mixture of Logistic Regression
(GeM-LR) model. Since logistic regression is a generalized linear model, we regard GeM-LR as
a special case of Generative Mixture of Linear Models (GMLM). We also describe other com-
peting methods and the model evaluation strategies.

2.1. The generative mixture of logistic regression models

We propose identifying data heterogeneity by grouping individual data points into homoge-
neous subgroups (clusters). The traditional clustering analyses rely only on a notion of similar-
ity in the feature space (or a low-dimensional projection of the space) but neglect the
individuals’ outcome information. In other words, there is no attempt to achieve a similar
dependency between the outcome and the input vector for individuals in the same cluster. Dif-
ferent from the traditional clustering analyses, our method integrates the optimization of both
predictive cluster detection and the estimation of cluster-specific predictive functions for the
outcome. The estimation of GeM-LR implies that the predictive clusters are generated under
the supervision of class labels. In addition to favoring tight clusters in the feature space,
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Fig 1. An illustration of the training and testing processes of GeM-LR. Top panel: The training process involves initializing the
embedded GMM model through conventional GMM fitting without using Y. Then, GeM-LR is estimated by the Expectation-
Maximization (EM) algorithm. In particular, the embedded GMM and LR models are jointly optimized by EM iterations. Bottom
panel: The testing process begins with computing weights for each LR model based on the fitted GMM model for each test point.
These weights are then used to calculate the weighted sum of the predicted class posterior probabilities of each LR model, which

serves as the

final prediction.

https://doi.org/10.1371/journal.pcbi.1012581.9001

GeM-LR also strives for homogeneity in the dependency relationship between the input and
the output. The homogeneity within each cluster is reflected by a good fit of a logistic regres-
sion (LR) model that predicts the outcome based on the input vector. The within-cluster LR
model is easy to explain and reveals the predictive biomarkers.

Fig 1 illustrates the idea of GeM-LR, which can be treated as a latent probabilistic graph
model. To illustrate its structure, we first consider the conventional approach of clustering
based on a Gaussian mixture model (GMM), which is popular in different fields [21-28]. Dur-
ing the model training stage, the GMM embedded within GeM-LR is initialized using conven-
tional GMM fitting without considering the outcome variable. This initialization step
corresponds to traditional clustering, where each mixture component in the GMM represents
a cluster. Following this, GeM-LR is estimated using the Expectation-Maximization (EM)
algorithm. Specifically, the embedded GMM and LR models within each cluster are jointly
optimized through EM iterations. A noteworthy aspect of GeM-LR’s training pipeline is the
simultaneous optimization of cluster formation and the fitting of cluster-wise models through
iterative refinement. This novel process, grounded in robust mathematical principles,
enhances the likelihood of identifying clusters with more effective predictive biomarkers. The
testing process begins by computing weights for each LR model based on the fitted GMM
model for each test data point. These weights are then used to calculate the weighted sum of
the predicted class posterior probabilities from each LR model, which constitutes the final
prediction.

Now we present the mathematical formulation of GeM-LR. Let the random vector XeR?
be the p-dimensional input feature vector and let x be a realization of X. The output is denoted
by Y € Y. In this paper, we focus on binary classification, and thus Y = {0, 1}. A GMM with
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C components has the density function: P(X) = S°¢ |
component prior probability with S°C | 7, = 1 and N(.|u,,Z,) is the multivariate Gaussian den-

sity parameterized by g, and Z_,u. being the p-dimensional mean vector and X_ the pxp covari-

7, N(X|p,, X, ), where 7, is the mixture

ance matrix. GMM is typically used to perform probabilistic clustering in the unsupervised
setting, where the similarity between the data points is measured purely based on the proxim-
ity of x quantified by N(.|u,Z_), ¢ = 1,...,C. To perform clustering, we assume a latent compo-
nent/cluster label Z,Z€{1,2,. . .,C}. An instance of Z is denoted by z. The marginal probability
mass function for Z is given by P(Z = ¢) = m,c = 1,. . .,C. GMM assumes that given Z = ¢,X fol-
lows a Gaussian distribution with mean g, and covariance Z.. We then assign a data point x to
the cluster with the maximum posterior: P(Z = ¢|X = x) «x n N(x|u,, Z,).

To extend GMM to GeM-LR, we propose to integrate a LR model within each cluster:

€X] TX . . .
P(Y=1X=x,Z=¢) = %, where B.= (B.1,- - .,ﬁC,P)Tare the linear coefficients in

the cth linear model (i.e., cth cluster) and S, is the intercept term. The cluster-specific logistic
regression can identify predictive biomarkers within each cluster. Importantly, the cluster-spe-
cific regression is not conducted using only data points within that cluster. Instead, all the data
points are involved in the estimation of any cluster-specific regression, while each point is
weighted by how likely it belongs to that cluster. We can regard this weighted regression as a
principled way of leveraging information from other clusters. As a result, the regression mod-
els can be more robustly estimated for small clusters. Furthermore, the determination of the
cluster indicator Z is based on both the outcome variable and the feature vector. Thus, the pre-
dictive clusters are formed under the guidance of the class labels instead of via unsupervised
learning. The detailed formulation of the GeM-LR is provided in S1 Appendix.

In summary, our GeM-LR model is a latent probabilistic graph model where the latent
component Z is assumed with a discrete distribution; given Z, the input vector X follows a
Gaussian distribution; and finally, given both Z and X,Y is modeled by a linear logistic regres-
sion with parameters depending on Z. If we consider the marginal distribution of X, we indeed
end up with a GMM, which we call an embedded GMM in GeM-LR. Since GMM is generative
while LR is discriminative, so we call our model Generative Mixture of Logistic Regression
(GeM-LR) to distinguish from a Mixture of Linear Models (MLM), which often refers to a
type of discriminative model. Although MLM has also been used as a short name for Genera-
tive Mixture of Linear Models (GMLM) in the literature [29]. In previously published termi-
nology [29], both linear regression and linear logistic regression for classification are called
linear models.

Model training and testing. To estimate GeM-LR, we use the EM algorithm with regular-
ization where the latent state Z is regarded as missing data. Regularization is imposed on the
linear logistic regression model. In particular, since the immune features in vaccine studies are
typically highly correlated, we choose elastic net [18] for regularization and feature selection.
Elastic net encourages grouping effects where a group of highly correlated features tends to be
in or out of the model together. The training and testing processes for GeM-LR are illustrated
in Fig 1. Details on the estimation algorithm for GeM-LR are provided in the S1 Appendix.
During testing, we compute the predicted probability for class 1 given instance

C
X:P(Y=1X)=> P(Z=¢X)P(Y = 1X, Z = ¢), which is obtained by taking the
c=1

weighted sum of the posterior probabilities P(Y = 1|X,Z = ), with the weights corresponding
to the posterior probabilities of the clusters P(Z = ¢|X).

Operational considerations. Despite the interaction between the estimation of the GMM
and the estimation of the LR models, to classify a test data point, GeM-LR operating like a
soft-partition version of the cluster-then-predict method (see Fig 1). First, the GMM is used to
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obtain posterior probabilities P(Z = ¢|X), ¢ = 1... .,C, which act as weights on the predicted
probabilities P(Y = 1) by the LR models. Since LR models offer good explainability, the result
of GeM-LR can be interpreted as a weighted decision based on the LR models. We can also
adopt hard partition during testing by setting Z = ¢*, the value that yields the maximum poste-
rior. This scheme will make interpretation even easier since we pick only one LR model to pre-
dict the outcome.

Another flexibility provided by the GeM-LR model is that the input X modeled in the
GMM can be different from X used in the LR models. Specifically, we may want to generate
the partition of subjects using features different from those used to predict Y in the LR models.
The motivation for this practice is multifold. For high dimensional data, although the LR mod-
els can use regularization to reduce dimension, the GMM may lack robustness against high
dimensions. Therefore, we may choose to model only a subset of features in X by the GMM. In
addition, domain experts may have prior knowledge about subpopulations of subjects and
may want to partition them according to certain features, some or all of which can be meta-
data not included in the input features of the LR models. This variation in GeM-LR causes neg-
ligible changes in the training and testing methods.

Regularization on small clusters. Several approaches are used to address the issue of
small clusters, where the number of data points in a cluster is smaller than the dimensionality
of the feature space used for clustering. The estimation of the component-wise covariance
matrix in the GMM is mostly affected by a small data size. We have implemented a variety of
options to regularize the covariance matrix, as is done in Mclust [30]. For instance, the covari-
ance matrices across components can be assumed identical or they can share some characteris-
tics. Each covariance matrix is decomposed such that the orientation, shape, and volume of the
Gaussian component are separated. Then a user can choose whether to require all or part of
these characteristics to be common across the components. The covariance matrix can also be
set diagonal. Furthermore, we can estimate the covariance matrix using shrinkage towards a
diagonal matrix with an adjustable level of shrinkage. The level of shrinkage is between (0,1).
A larger value indicates more shrinkage towards diagonal covariance.

Furthermore, the GeM-LR model does not require that the features modeled by GMM are
the same as the features used in the cluster-wise logistic regression model. Hence, we can use a
higher dimensional feature vector to generate the logistic regression model but keep the
dimension of the GMM low. We have explained previously how to select features to include in
the GMM. For a tiny cluster impossible to fit an elastic net model, we assume the simplest clas-
sification model-predicting class posteriors by the empirical class frequencies in that cluster.

Determine the number of clusters. Given that the interest of modeling is to achieve accu-
rate predictions, we choose as the optimal number of clusters the value that achieves the high-
est cross-validation predictive performance as described below in Section 2.3. There are
various approaches to determining the optimal number of clusters. In this paper, we focus on
predictive performance, given that our training data are labeled. In contrast, the number of
clusters may also be selected in unsupervised settings, for instance, based on stability measures
of clustering results [31].

Interpretation. Without loss of generality, we assume that GeM-LR is fitted on the full set
of features. We propose two model selection procedures to interpret GeM-LR by (1) annotat-
ing the identified clusters and (2) selecting potential biomarkers of the outcome for each clus-
ter. Since the clusters generated by GeM-LR are created in a supervised manner, interpreting
the importance or usefulness of the features requires considering their roles at two stages. In
the first stage, features are used to separate the clusters, while in the second stage, they help
predict the class/outcome. As a result, the features selected by LR within clusters are not the
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only factors driving class prediction. For example, a feature crucial for cluster separation may
not be selected by any LR models, yet it remains essential for distinguishing between clusters.
To annotate the clusters, we propose to identify the cluster-specific discriminative features.
More specifically, we aim to prioritize the features in their ability to discriminate each cluster
from the rest [32]. Then the understanding of a given cluster will be based on one or multiple
features that have the most discriminative ability. For each cluster ¢,c = 1,. . .,C, we view this
task of feature selection as a classification problem. We wish to identify a set of features that
can discriminate cluster ¢ with the highest accuracy. To measure the “accuracy”, we first com-
pute true- and false-positive discriminative measures. Assuming a specific observation actually
arises from cluster ¢, i.e., x~N.=N(.|u,Z ), the true positive to cluster c can be represented by

E[n N, (x(h))[x(h) ~ N]
E[P(x(h))[x(h) ~N]

Tc+(h) =

where hC{1:p} denotes a set of features. The idea is that the optimal set of features should
make the cluster ¢ well separated from the other clusters so that there is no overlap between N,
with N, for s#%c. As a result, 7.,.(h) will be close to 1. On the other hand, if

x~P = ﬁ Y e r:carc N, ie., x does not arise from cluster ¢, the false-positive can be

defined as

We would like to select a set of features that make 7._(h) close to 0.

Thus, to combine both 7., (h) and 7._(h), we define the aggregate discriminative accuracy
measure: A (h) = nt. (h) + (1 — n,)(1 — 7,_(h)) for each cluster ¢ = 1:C and a given set of
features h.A (h) is the sum of true-positive (7., (h)) and true-negative (1- 7._(h)) rates weighted
by the corresponding cluster sizes. A (h)€[0,1] is on the absolute probability scale, so differ-
ences across different subsets /i can be easily interpreted. A larger the value of A (h) indicates
that the subset h of features is discriminative for cluster c. Therefore, we can rely on the fea-
tures in subset & to understand and annotate cluster c. More importantly, for GMM, both .
+(h) and 7._(h) have close form expressions, and thus A(h) is easy to compute.

Given the fitted GMM on the full set of p features, we can directly extract the implied mar-
ginal mixture on any subset of features h for discriminative evaluation of clusters based on
A(h). When p is small, we can evaluate all possible 2? subsets of features. For moderate to
large p, an exhaustive search is impractical. The two most employed model/feature selection
schemes are stepwise forward and backward feature selections. Backward search starts with
the full set of features and deletes one feature at a time until no more needs be further removed
(e.g., some stopping criterion has been met). Forward selection operates in a reversed manner
by sequentially adding features one by one. For interpretation purposes, we would like to
obtain the smallest possible subset of discriminative features. We thus propose to use forward
selection. We stop forward selection if the increase in A (h) is below a chosen threshold and/or
if A.(h) exceeds a pre-specified high value. In this paper, our stopping criterion is that the
change in A (h) is below 0.1, and the absolute difference between A (h) and A (1:p) drops
below 0.01.

For selecting potential biomarkers associated with the outcome, we employ logistic
regression with elastic net regularization as mentioned in Model training and testing. The

c=1

regularization can be written as R(f,..) = >« [il 5:1 (1;;'2 ﬁij + 12|ﬁCJ|)} , where 4; and

A, are the tuning parameters. In GeM-LR, there are C number of logistic regressions fitted
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to different regions of the data space. Without any prior knowledge of the clusters, we per-
form the regularization independently to each regression model and assume the same level
of sparsity across all C clusters. It is worth noting that GeM-LR can be easily adapted to
incorporate multi-task learning regularization to jointly estimate the parameters across
clusters [33, 34].

2.2. Other methods for comparison

We evaluate GeM-LR by comparing it with several widely used methods listed below.

1.

Logistic regression: Logistic regression (LR) modeling is widely used for analyzing multi-
variate data with binary outcomes. LR is a parametric model that estimates the class poste-
rior probability of a data point (positive/negative or 1/0). Normally, a data point is classified
as positive (label 1) if the estimated probability of the positive class exceeds 50%; otherwise,
it is classified as negative (label 0). Under LR, it is assumed that there is a linear relationship
between the logit transform of the class probability and the feature vector X. For high-
dimensional data, elastic net regularization is employed and is implemented using
lassoglm function in Matlab.

Cluster-then-predict. Cluster-then-predict (CP) is an analysis framework in which data
points are first clustered, and then a separate prediction model is built for each cluster.
Unlike GeM-LR, the clustering step is unsupervised, which means the outcome information
is not used. Furthermore, each cluster-specific prediction model is estimated using only
data points in that cluster, and thus the approaches lack a mechanism to “borrow informa-
tion” among the clusters. In this paper, we use Kmeans to perform clustering and build LR
models using elastic net regularization (which is the same in GeM-LR) for each cluster.

K-Nearest neighbor classification: K-Nearest Neighbor (KNN) classifies a data point to the
class most dominant among its K nearest neighbor data points based on a pre-chosen dis-
tance measure. The balance between overfitting and underfitting is achieved solely by
adjusting K. A smaller value of K tends to yield an overfitted model. K is often chosen by
cross-validation or recommended to be the square root of the sample size. In particular, we
use the MATLAB function £itcknn with the built-in OptimizeHyperparameters
option to find the optimal distance metric and the value of K.

Random forest: Random forest (RF) is an ensemble classification method with decision
trees as the baseline classifiers. Each decision tree is trained on a random sample (with
replacement) of the original data. In addition, at the split of each node in a decision tree,
only a random subset of features is used. One major advantage of RF, using voting on the
decisions of many trees, is its resistance to overfitting. We use the RF function in MATLAB
called TreeBagger. We obtain the optimal number of trees and the minimum number of
leaf node observations through a grid search strategy.

Shallow neural network: A shallow neural network (SNN) contains only one input layer
that stores the values of the feature vector of the data, a few hidden layers that processes the
input, and an output layer that takes the response of the hidden layer as input. Each layer
typically contains multiple nodes. In our analysis, the number of nodes for the input layer is
the number of features. For binary classification problems, the output layer consists of only
one node corresponding to either 0 or 1. SNN is implemented in MATLAB by the function
fitcnet with the build-in OptimizeHyperparameters option to find the optimal
number of layers and the number of nodes for each hidden layer.
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2.3. Model evaluation

We use K-fold cross-validation (CV) to evaluate model prediction performance. CV is a com-
mon technique to test the effectiveness of a model when the sample size is small. To perform K-
fold CV, we randomly split the dataset into K folds (groups). Out of the K folds, one fold is used
as a hold-out or test dataset, and the remaining (K—1) folds are pooled together as a training set.
We fit our model and the competing models on the training set and evaluate their prediction
performance using the test set. We use the area under the receiver operating characteristic
curve (AUC) as a model performance metric. In our analyses, K = 5. AUC under cross-valida-
tion can be computed in two ways: (1) by combining the results from each fold into a single
ROC curve and calculating the corresponding AUC, or (2) by calculating the AUC for each fold
separately and then averaging the results. We opt for the second approach, as recommended in
[35], and denote the resulting cross-validated AUC as CV AUC. For model interpretation, we
train a separate model using the entire dataset (after standardization) and base our interpreta-
tion on that model. However, this model is not used for evaluating predictive performance.

For methods that have tuning parameters, such as GeM-LR, K-fold CV can also be used to
select the optimal tuning parameters. Such a procedure is called nested CV, which contains an
inner loop CV for tuning parameters that is performed in each training dataset of the outer CV
loop. The outer CV is used for measuring the overall performance of the model. With small
datasets, however, nested CV may not be able to pick the best tuning parameters because of the
(large) fluctuations in the measured model performance [36]. Thus, we tune parameters in a
non-nested fashion. We perform CV on the entire data to select the optimal tuning parameters,
then we assess the selected model performance through another independent CV. Specific to
GeM-LR, by default, we set 1, = 0.8 and apply CV on the entire data to select the optimal A;.

3. Results

To demonstrate GeM-LR’s effectiveness for analyzing vaccine studies, in terms of both achiev-
ing high prediction performance and providing model interpretation for gaining insights, we
apply GeM-LR to three datasets: (1) A proof of concept analysis (Section 3.1 HVTN 505 data);
(2) A dataset of small sample size (Section 3.2 VAST data); (3) A dataset of low heterogeneity
in the relationship between the input and the outcome (Section 3.3 CHMI data). For all three
datasets, we standardize all the features based on the statistics of training data and apply the
same transformation/scaling to the test data in that fold. As mentioned in Section 2.1 Deter-
mine the number of clusters, we use CV to select the optimal number of clusters for GeM-LR.
Once the best GeM-LR model is identified, it is applied to the full dataset (after standardiza-
tion) for interpretation. We evaluate and compare GeM-LR with competing methods (listed in
Section 2.3) using measures described in Section 2.2.

3.1. HVTN 505 data

HVTN 505 (NCT00865566) was a preventive vaccine efficacy trial testing a DNA prime and
adenovirus 5 (Ad5) boost (DNA/rAd5) vaccine regimen in men or transgender women who
have sex with men in the United States from 2009 to 2013. Even though the vaccine failed to
provide overall protection compared to the placebo [37], several subsequent analyses have
been conducted to investigate the immune responses elicited by the vaccine [37-40]. Interest-
ingly, the association of antibody-dependent cellular phagocytosis (ADCP) with the risk of
HIV-1 infection varied in strength depending on the values of plasma HIV-1 Env gp140-spe-
cific IgA response [40]. The same observation holds for the association of FcyRIla binding
with the risk of HIV-1 infection. Specifically, the association of ADCP/FcyRIla with the risk of
HIV-1 acquisition was significantly reduced for vaccine recipients with low-to-undetectable
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Env gp140-specific IgA responses than those with detectable Env gp140-specific IgA. This
finding suggests the existence of heterogeneity among the vaccinees. There are at least two
clusters among the vaccinees: those with low-to-undetectable Env gp140-specific IgA and
those with detectable Env gp140-specific IgA. In addition, the association between ADCP/
FcyRIIa and vaccinees’ HIV-1 infection status varies between the two clusters. This scenario is
precisely what motivated our proposed method. However, Neidich and colleagues [40] used
the cluster-then-predict (CP) approach, which first manually dichotomized the Env gp140-
specific IgA into negative and positive groups. Then the inverse probability of sampling
weighted logistic regression was independently performed within each Env gp140-specific
IgA group while adjusting for potential confounding factors: participant age, race, BMI, and
behavioral risk score.

To build upon the results obtained from immune correlates analysis [40], we raise a couple
of subtle questions that cannot be easily addressed by intuition. First, can we further improve
the prediction performance of the conventional cluster-then-predict approach? In the absence
of extra evidence, an implicit practical standard for adopting a model depends largely on its
prediction power. The justification for treating subgroups differently based on Env gp140-spe-
cific IgA will be strengthened if a more principled modeling approach, such as GeM-LR, can
achieve higher predictive performance than the existing CP approach. Second, is the separa-
tion by Env gp140-specific IgA into positive and negative groups the best choice? In other
words, is there a better variable to form the groups? Third, is it possible that separation into
more than two groups will yield even better predictions? To answer these questions and thus
gain more insights, GeM-LR can help us from a formal modeling perspective.

Experiment setup: We apply GeM-LR to the HVTN 505 data, which was downloaded from
https://atlas.scharp.org/cpas/project/ HVTN%20Public%20Data/HVTN%20505/begin.view.
Specific to this data, we do not impose elastic net regularization for GeM-LR, CP, and LR due
to the relatively low number of features. The data consists of 150 vaccine recipients, of which
25 acquired HIV-1 infection. In the subsequent analysis, we let Y = 1 represent HIV-1 infec-
tion, and Y = 0 otherwise. Thus, we model the risk of HIV-1 infection. In Neidich et al. 2019
[40], the positivity criterion was based on a single IgA binding variable, Env gp140-specific
IgA, and the cutoff was chosen to be 4. In addition, the data also have a mean-centered sum-
mary of a panel of eight IgA binding antibodies, denoted as Env IgA. Env IgA would be a more
comprehensive representation of IgA binding than Env gp140-specific IgA. Fig 2A visualizes
the two variables, with the y-axis displaying the mean-centered summary value for Env IgA
and the x-axis showing the measured value for the single IgA binding variable, Env gp140-spe-
cific IgA. A mass of individuals has the variable Env gp140-specific IgA equal to 0, a value
defined as the “low-to-undetectable” Env gp140-specific IgA binding, while the rest of the
individuals have a spread of values above 5, a range defined as the “detectable” IgA binding.
To follow the setting in Neidich et al. 2019 [40], we first use Env gp140-specific IgA for fitting
GMM and use ADCP alone, FcyRIIa alone, or both ADCP and FcyRIIa as covariates, along
with the four confounding factors, to fit cluster-wise logistic regression models. As a result, we
have three GeM-LR models. We further set the number of mixture components C to 2 or 3.
Our objective is to determine whether C = 2 is the optimal number of clusters through a
model-based approach by comparing the mean AUC for C = 2:3. The model-fitting algorithm
for GeM-LR indicates that the maximum number of clusters is 2, as there is an empty cluster
when setting C = 3. We then perform a similar analysis by replacing Env gp140-specific IgA
with Env IgA in the GMM. We perform both GeM-LR and CP with C = 2:3. We use the CP
approach to mimic the prior study [40] and use it as a baseline method. Further, to account for
the two-phase stratified sampling design in HVTN505, an inverse-probability oversampling is
performed for each training data to correct for the sample selection bias [41]. The inverse
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Fig 2. Visualizing GeM-LR results for HVTN 505 data. A: Scatter plot of Env IgA vs. Env gp-140-specific IgA. The
cutoff value 4 for Env gp-140-specific IgA is shown in blue dotted line; B: Violin plot of HIV-1 Env IgA for the two
clusters generated by GeM-LR; C: Box plots displaying the AUCs of the 5-fold CV for five repetitions, comparing
GeM-LRs and the CP methods with C = 2:3: The left panel is for methods employing Env IgA as the clustering variable,
whereas the right panel is for methods utilizing Env gp140-specific IgA for clustering. D: Violin plots of ADCP (top
rows) and FcyRIIa (bottom rows) by the infected/uninfected outcome, with y-axis showing the values for ADCP and
FcyRlIa, respectively, stratified by GeM-LR clustering result; p-values are computed by the nonparametric Mann-
Whitney test comparing whether ADCP/FcyRIIa differs in the two clusters; E: Heatmaps for visualizing the regression

coefficients in the three GeM-LRs.

https://doi.org/10.1371/journal.pcbi.1012581.g002

probabilities are the inverse of the sampling probabilities determined by the two-phase sam-
pling plan. For each testing data, the weighted AUC is computed accounting for the sampling
probability. We repeat this inverse-probability oversampling based K-fold CV five times. In
Fig 2C-2E, we distinguish the three GeM-LR models by the covariates used and denote them
as “ADCP”, “FcyRIla”, and “ADCP*FcyRIIa”.
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Model performance: Fig 2B displays the clustering results estimated by GeM-LR when
using Env IgA as the clustering variable. The y-axis shows the mean-centered summary value
for Env IgA. The optimal number of clusters being 2 is suggested by Fig 2C. In the left panel of
Fig 2C, we provide the (weighted) CV AUC:s for five 5-fold CV repetitions for the three
GeM-LRs and CPs at C = 2:3 when Env IgA is used as the variable for clustering. The predic-
tive performance achieved by CP is worse than that by GeM-LR, with p-values of 0.002, 0.032,
and 0.0007 for models using ’ADCP, ’FcyRIla, and ’ADCP*FcyRIIa’ as covariates, respec-
tively. This comparison was based on a paired t-test of CV AUCs between the 2-component
GeM-LR and CP models. The 2-component GeM-LR achieves the highest overall AUC among
five repetitions for all three GeM-LR models, an observation consistent with the past assump-
tion of two groups of vaccinees. In addition, all three GeM-LR models yield the same cluster
memberships. To ensure consistency, we also included AUC results comparing GeM-LR with
all competing methods in S1 Fig. These results confirm that GeM-LR generally outperforms
the other methods, although its predictive performance is comparable to LR. Both GeM-LR
and CP results, in terms of (weighted) AUCs, when using Env gp-140 specific IgA binding as
the clustering variable are recorded in the right panel of Fig 2E, where the regression coeffi-
cient values are color-coded from red (larger) to blue (smaller). Notably, the clusters estimated
by GeM-LR align with the previously established positivity criterion, as Env gp140-specific
IgA binding exhibits a clear two-cluster structure. It is worth noting that the prediction perfor-
mance for clustering vaccinees using Env IgA is similar to when using Env gp140-specific IgA
binding, confirming the validity of using Env gp140-specific IgA for clustering vaccinees. Fur-
thermore, when employing Env gp140-specific IgA as a clustering variable, GeM-LR outper-
forms CP, although they yield the same clusters. One explanation for the superiority of
GeM-LR is that GeM-LR can incorporate information from all data points when estimating
cluster-specific LR models. The clusters estimated by GeM-LR when using Env IgA largely
coincide with the prior finding that clusters 1 and 2 correspond respectively to the groups of
lower and higher Env IgA, although the cutoff value between the two groups is different than
from using Env gp140-specific IgA binding. Considering that Env IgA includes all available
epitopes on the antigen, the result suggests that the IgA induction itself may also be a valuable
factor for grouping the vaccinees.

Insights by model interpretation: Fig 2D and 2E display the model outputs when using
Env IgA as a clustering variable. Fig 2D shows that the extent of association between ADCP
and HIV-1 infection risk is stronger among vaccinees in cluster 2 than those in cluster 1. This
finding is further confirmed by Fig 2E, which displays the regression coefficients for both clus-
ters. Specifically, for the Env IgA negative group, the coefficients for ADCP, when it is the pri-
mary factor as well as when using both ADCP and FcyRIla in the regression model, are larger
in absolute value than those in the Env IgA positive group, implying that the association
between ADCP and HIV-1 infection risk is stronger in cluster 2. Moreover, the difference
between the two clusters reduces in terms of the association between FcyRIIa and the HIV-1
infection outcome, when FcyRlla is the primary factor used in the logistic models. FcyRIla
shows some difference between the two clusters when using both ADCP and FcyRIla in the
regression model.

For this example, GeM-LR confirms prior findings from a relatively rigorous aspect of
modeling. In addition, GeM-LR suggests that Env IgA, a more representative variable, can also
be used for clustering since the best prediction performance is obtained by clustering Env IgA.
In addition, GeM-LR reveals potential limitations of ad-hoc analysis and points to ways of
enhancing existing analysis. This study also showcases that prior domain knowledge can be
incorporated seamlessly into a statistical modeling approach via GeM-LR. More specifically,
GeM-LR can serve as a tool to assess a conjecture or to leverage intuitions for improvement in
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outcome prediction. In this study, Env IgA is a continuous variable and does not exhibit any
clear clustering patterns, nevertheless, GeM-LR is able to identify clusters helpful for predict-
ing the outcome.

3.2. VAST data

Salmonella enterica serovar Typhi (S. Typhi) causes typhoid fever, which is a significant public
health concern in many low- and middle-income countries. The subunit Vi polysaccharide
(Vi-PS) vaccine is one of the most commonly used vaccines for typhoid fever globally. How-
ever, Vi-PS exhibited efficacy of around 69% in adults during the first year after vaccination,
but its effectiveness declined over time and it is unsuitable for use in children under 2 years of
age [42, 43]. For this, a Vi-tetanus toxoid (Vi-TT) conjugate vaccine has been developed,
which is immunogenic and can be used from infancy. In a recent Vaccines against Salmonella
Typhi (VAST) trial, Vi-TT was evaluated for vaccine efficacy in 72 healthy adult volunteers
who were vaccinated with either Vi-PS or Vi-TT and then received the oral challenge with live
S. Typhi bacteria in Oxford UK [44]. After the challenge, typhoid fever was diagnosed in 37%
of Vi-PS vaccine recipients and 35% of Vi-TT vaccine recipients. The comparable efficacy of
Vi-TT and Vi-PS vaccines despite an increased seroconversion rate and significantly higher
geometric mean titers in Vi-TT vaccinees highlights the need for a better comprehension of
the immune features linked with protection against typhoid fever.

Experiment setup: We downloaded the VAST data [45] and utilized 18 immune features
measured on the day of the oral challenge that were available for most participants, including
IgA, IgAl, IgA2, IgGl, IgG2, and 1gG3 magnitude (Mag) or avidity index (AI) of antibody
binding to native Vi polysaccharide (nViPS) antigen, biotinylated Vi polysaccharide (ViBiot)
antigen, and/or tetanus toxoid antigen, measured by a binding antibody multiplex assay
(BAMA). We used the R package mice [46], employing the predictive mean matching func-
tion, to impute the missing values among the 18 immune features. We first project the 18
immunogenicity measurements into 2 (latent) dimensions for visualization using three differ-
ent dimension reduction methods: principal component analysis (PCA), t-distributed stochas-
tic neighbor embedding (t-SNE) [47] and uniform manifold approximation and projection
(UMAP) [48]. Fig 3A depicts two-dimensional scatter plots of 72 individuals using three dif-
ferent visualization approaches. Shapes represent the individual protection status. All three
visualizations provide similar information: there is no clear separation in the data.

We apply GeM-LR to the data with mixture components C ranging from 2 to 4. We let
Y =1 represent typhoid fever absence (protected) and Y = 0 being diagnosed with typhoid
fever (not protected). Since this dataset is of a very small sample size with relatively high-
dimensional features, we apply GeM-LR with covariance shrinkage for C = 2:4. We set the
shrinkage level at 0.9. We also run GeM-LR, where GMM is modeled by a lower-dimensional
feature. In this analysis, we select the top 5 highly variable features (measured by variance) for
fitting GMM while using the entire 18 features and one binary indicator, “Vaccine”, to gener-
ate the logistic regression model. We set Vaccine = 1 to indicate Vi-PS vaccine recipient and
Vaccine = 0 to indicate Vi-TT.

Model performance: We report each model’s prediction performance in terms of their CV
AUC and the corresponding 95% confidence interval obtained by the cvAUC R package [49]
using the non-nested CV procedure. The prediction performance is plotted in Fig 3B. The
3-component GeM-LR, denoted as GeM-LR (C = 3), achieves the highest CV AUC. Thus, we
set C = 3 as the number of components (clusters). The individual’s cluster membership is
color-coded in Fig 3A. Meanwhile, in Fig 3C, we see that cluster 1 mainly contains Vi-PS
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Fig 3. VAST data visualization and analysis results. A: Visualization by PCA, t-SNE, and UMAP with the protection status and cluster
membership of individuals marked by different shapes and colors (NP: not protected; P: protected); B: Bar graphs showing the point
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visualizing GeM-LR and LR regression coefficients; The regression coefficient values are color-coded from red (larger) to blue (smaller).

https://doi.org/10.1371/journal.pchi.1012581.9003

recipients and cluster 3 contains mostly Vi-TT vaccinees. The majority of cluster 2 consists of
individuals who received the Vi-PS vaccine.

We also experimented with five competing methods: CP with C = 2:4, LR with an elastic net
penalty, RE, KNN, and SNN. Among all competing methods, CP is the only one that also
allows a different set of features used for performing clustering versus for predicting the out-
come. For a fair comparison with GeM-LR, we applied CP with clustering conducted on the
top 5 highly variable features. The corresponding prediction performance is shown in Fig 3B.
All the competing methods do not perform well on this dataset based on the estimated CV
AUC, however, their respective 95% confidence intervals overlap with that of the 3-component
GeM-LR, indicating that the differences are not statistically significant.

The result in Fig 3B demonstrates the effectiveness of GeM-LR even when the data size is
small. The framework of GeM-LR allows the implementation of multiple strategies to handle
high-dimensional data. Here, in particular, we have employed variable selection and covari-
ance regularization for the embedded GMM in addition to elastic-net regularization penalty
for the cluster-wise logistic regression models. Although we also applied variable selection for
the relatively simple CP method, the improvement in predictive performance is less remark-
able. The disparity in prediction for GeM-LR and CP suggests that predictive clustering in
GeM-LR contributes more to performance enhancement than purely unsupervised clustering
in CP.

Insights by model interpretation: To better understand and obtain a clear interpretation
for the three clusters, we apply forward variable selection to identify immune features (among
the 5 features modeled by GMM) that are most informative for the partition of the data into
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the clusters. The results are summarized and visualized in Fig 3D-3G. Specifically, both clus-
ters 1 and 2 can be accurately identified using the same set of three features. Fig 3E-3F shows
that individuals in cluster 2 (which contains a small proportion of Vi-TT recipients) all have
moderate IgG1 Tetanus Toxoid and moderate-to-high IgG2 nViPS and IgG1 nViPS bindings.
In contrast, cluster 1 (dominated by Vi-PS recipients) all have lower IgG1 Tetanus Toxoid,
IgG2 and IgG1 nViPS bindings. Similarly, Fig 3G shows that cluster 3 (dominated by Vi-TT
recipients) can be identified by individuals with moderate-to-high IgG1 Tetanus Toxoid and
IgA Tetanus Toxoid binding, consistent with their received vaccine regimen containing teta-
nus toxoid. Although there is no clear cluster-wise separation shown by any of the unsuper-
vised visualization plots in Fig 3A, the three clusters can be discerned accurately in low
dimensions according to Fig 3E-3G. Furthermore, although CP also identifies clusters (in an
unsupervised manner), the predictive performance achieved by CP is considerably lower than
that by GeM-LR. These observations show the advantage of GeM-LR for finding meaningful
clusters in comparison with unsupervised clustering or popular visualization methods.

The three logistic regression models in GeM-LR with C = 3 select different sets of predictive
biomarkers, as shown in Fig 3H. IgA nViPS has relatively larger coefficients for both clusters 1
and 2, suggesting that a stronger IgA nViPS binding is associated with protection for individu-
als belonging to the two clusters, which consists mostly of Vi-PS recipients. In contrast, the LR
model also suggests the association of IgA nViPS with protection but with a smaller magnitude
of coefficient. By comparing with the GeM-LR output, we see that the association may largely
come from the Vi-PS vaccinees. In addition, a higher level of IgG1 nViPS binding is associated
with an increased chance of protection for individuals belonging to cluster 2 only since IgG1
nViPS has the largest coefficient for cluster 2. On the other hand, it is interesting to note that
individuals in cluster 3 who have higher values of IgG1 nViPS binding are more likely to get
typhoid fever. These cluster-wise differences in the effects of the variables on the predicted out-
come suggest that there is heterogeneity among vaccinees receiving each vaccine.

3.3. RTS,S/AS01 CHMI Study

RTS,S/AS01 is a piloted pre-erythrocytic malaria vaccine by World Health Organization which
has demonstrated efficacy up to 86.7% in controlled human malaria infection (CHMI) studies
of healthy malaria-naive adults [50]. Although promising, the RTS,S vaccine does have impor-
tant limitations. Vaccine efficacy is modest and short-lived. In children aged 5-17 months effi-
cacy was 55% over the first 12 months after the primary course of vaccination (3 doses). Given
the rapid waning of protective immunity, a booster dose is recommended 18 months after
completing the primary immunization. When a booster dose was given, the RTS,S vaccine
conferred 36% vaccine efficacy against symptomatic malaria and 29% efficacy against severe
malaria over 4 years in the phase 3 trial [51]. Thus, it is important to identify the immune cor-
relates of protection to inform the development of more efficacious and durable vaccines
against malaria.

Experiment setup: We combine datasets from three RTS,S/AS01 CHMI clinical trials:
NCT01366534 (referred to as MAL-068), NCT01857869 (referred to as MAL-071) and
NCT03162614 (referred to as MAL-092). These datasets are publicly available on Zenodo at
https://zenodo.org/records/10144807. The combined dataset comprises a total of 186 individu-
als, of which 111 were protected from the challenge. The dataset contains nine immune feature
measurements, including binding magnitude and avidity index (AI) measured by BAMA and
area under the dissociation curve measured by a biolayer interferometry (BLI) avidity assay,
measuring antibody binding and avidity to CSP, NANP6, and N Interface peptides. Addition-
ally, we also include two dummy variables (I; and I,) to code for the three independent studies.
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Fig 4. CHMI data. A: PCA, t-SNE, and UMAP visualizations with individual protection status and cluster memberships represented by
shapes and colors (NP: not protected; P: protected); B: Bar graphs showing the point (heights of the bars) and 95% confidence interval
(black lines) estimates of CV AUCs by GeM-LR and the competing methods. C: Stacked bar chart highlighting the distribution of
protection status and the three studies within each cluster; D: Scatter plot on one of the identified discriminative features with
individuals color-coded by their cluster memberships; The x- and y-axes represent the normalized values of the corresponding variables.
E: Heatmap for visualizing GeM-LR and LR regression coefficients; The regression coefficient values are color-coded from red (larger)
to blue (smaller).

https://doi.org/10.1371/journal.pchi.1012581.9004

Specifically, MAL-068 is treated as the reference group, with I; = 1 and I, = 0 for individuals
from MAL-071, and I; = 0 and I, = 1 for individuals from MAL-092. In summary, we have 11
features to predict the protection status. Given our interest in identifying individual immune
response heterogeneity, in the GeM-LR model, we use the nine immune features to fit the
GMM and allow the cluster-wise logistic regression models to use additionally the identity of
the studies (coded by I, and I,). We set Y = 1 for protected vaccinees and Y = 0 for non-pro-
tected vaccinees.

Model performance: Similar to the VAST data analysis, we compute the CV AUC along
with the corresponding 95% confidence interval using the cvAUC R package. Fig 4A presents
data visualization based on the nine immune features, with triangles representing protected
individuals, and circles representing non-protected individuals. Each of the three visualization
results exhibits unique patterns, and both PCA and t-SNE analyses suggest that vaccinees are
not clearly separated in the immune feature space. Moreover, the shapes are color-coded based
on the cluster membership of individuals, as determined by GeM-LR with C = 2. Fig 4B pro-
vides the predictive performance for GeM-LR at C = 2:4 and all the competing methods. All
methods exhibit similar performance in the sense of CV AUCs. The best GeM-LR model is
that with C = 2.

Insights by model interpretation: Fig 4C shows that each of the three studies are repre-
sented in both clusters. Our proposed model selection analysis identifies three discriminative
features. The scatter plot in Fig 4D shows the clustering results on one identified feature IgG1
NANP6 avidity index. In Fig 4E, we show side by side the sets of predictive biomarkers selected
by the two cluster-wise LR models in GeM-LR (C = 2) along with the biomarkers selected by
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the LR fitted on the whole data. Both the cluster-wise LR models as well as the overall LR
model share similar predictive biomarkers.

These results suggest that this dataset has little heterogeneity in the relation between input
features and the outcome across different regions of the feature space. While GeM-LR achieves
slightly better predictive performance at C = 2, the selected sets of biomarkers by the cluster-
wise LR models are similar. Only I, is selected for cluster 2 suggesting that individuals from
cluster 2 being in the MAL-071 group is potentially associated with higher odds of being pro-
tected compared to the reference group, MAL-068. This example also highlights the subtlety of
interpreting heterogeneity based on GeM-LR~it is inadequate to declare heterogeneity based
solely on a selected C>1. One should also examine the similarity between the cluster-wise LR
models. GeM-LR may favor C>1 for a small increase in predictive performance even though
the LR models are similar. On the other hand, when C increases, each LR model is generally
estimated using fewer data points which results in lower predictive performance. Therefore, if
the data are truly homogeneous, by cross-validation, a small value of C will likely be chosen. In
summary, this example shows that GeM-LR can maintain top performance even when the
dataset exhibits little heterogeneity.

4. Discussion

We have proposed a novel framework of Generative Mixture of Logistic Regression (GeM-LR)
for the analysis of small sample size vaccine studies. This new framework enables the identifi-
cation of predictive clusters to account for data heterogeneity while allowing the use of cluster-
wise linear models. By leveraging the strengths of both generative and discriminative modeling
approaches, GeM-LR provides advantages including model interpretability and robust perfor-
mance on small datasets. We have also developed procedures to identify discriminative fea-
tures for cluster annotation and to find predictive biomarkers as potential correlates of
protection (CoP). The ability to discover potential cluster-specific CoP can help us identify
individuals in sub-populations who have responded to a specific vaccine.

For the HVTN505 dataset, our analysis by GeM-LR confirms previous findings that there
are two groups of vaccinees based on the levels of Env gp140-specific IgA and the levels of
associations between ADCP/FcyRIIa and the risk of HIV-1 acquisition are different among
the two groups. GeM-LR, which performs soft-partition instead of hard-partition as in the CP
method, increases the predictive performance significantly. In addition, GeM-LR identifies
another variable for clustering, namely Env IgA, which has yielded a similar prediction perfor-
mance. The optimal number of clusters based on Env IgA is also 2. However, different from
Env gp140-specific IgA, Env IgA includes all available epitopes on the antigen and the vacci-
nees are clustered differently. This result suggests that the optimal grouping of the vaccinees
may not be unique and IgA induction itself may also be an important variable. Further investi-
gation may be needed to gain a deeper understanding of this finding.

Testing of a much smaller sample size from the VAST dataset demonstrated our GeM-LR
methodology provided the highest prediction accuracy by clustering the data into three
groups. The three clusters can be described based on the vaccine status of the participants.
Cluster 1 contains a more homogeneous group of Vi-PS vaccinees, cluster 2 comprises a mix-
ture of Vi-TT and Vi-PS vaccinees, while most participants in cluster 3 received the Vi-TT vac-
cine. This suggests that cluster 2 could contain immune responses common to both vaccine
regimens or that individuals belonging to this cluster may be innately resistant to typhoid
whereas clusters 1 and 3 are vaccine regimen specific responses. At the level of immune fea-
tures, each cluster contains a different set of discriminative features and predictive biomarkers.
These results not only confirm previous analyses that the two vaccines elicit different immune
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responses associated with protection [52, 53], but also suggest the possibility of identifying dif-
ferent sub-populations of individuals (even within each vaccine group) that most likely
benefitted from typhoid vaccines. Specifically, IgA nViPS binding was identified previously to
be significantly associated with protection in Vi-PS vaccinees, while it has no significant asso-
ciation with protection in Vi-TT vaccinees. On the other hand, higher values of anti-Vi IgG1
(IgG1ViBiot) avidity were observed to be associated with protection in Vi-TT vaccinees. Our
GeM-LR analysis confirms the above findings. Our analysis further identifies IgG1 nViPS
binding is most significantly associated with protection for individuals within cluster 2 while
this marker decreases the chance of protection for individuals belonging to cluster 3 that are
mostly Vi-TT vaccinees. In addition, nViPS-specific IgG2 binding was previously identified to
be associated with protection in Vi-PS group. Our analysis suggests that IgG2 nViPS binding
is an important variable for discriminating both clusters 1 and 2, which comprise mostly Vi-
PS vaccinees. Interestingly, given the cluster membership, IgG2 nViPS binding is no longer a
predictive biomarker associated with the outcome in all cluster-wise logistic regressions, indi-
cating that IgG2 nViPS magnitude affects the outcome at the cluster level but not locally within
each cluster. We recognize that caution should be taken when interpreting the predictive bio-
markers because of the small sample size. Additional studies are needed to assess the robust-
ness of the three sub-populations of data identified in the analysis and to validate the
significantly different sets of predictive biomarkers in these sub-populations.

For the CHMI dataset, our analysis by GeM-LR confirms previous findings and provides
additional insights. Prior studies using data from MAL-068 and MAL-071 have identified
potential antibody measurement biomarkers associated with protection [54-56]. Using uni-
variate and/or multivariate logistic regressions, IgG1 NANP6 binding magnitude was found to
be the most predictive of the protection status [55]. Our analysis confirms this finding. In addi-
tion, we combine all three studies, including MAL-092, and the analysis suggests that there is
no significant difference among studies in the association between antibody biomarkers and
the protection status. This finding seems to suggest that IgG1 NANP6 binding magnitude may
be a reproducible CoP within RTS,S CHMI trials in malaria-naive adults. Confirmation of
these results using GeM-LR based on data from trials of RTS,S or other malaria vaccines in
malaria-endemic settings would be of interest to confirm this candidate CoP. On the other
hand, our analysis reveals one difference. Previous studies show that NANP6 specific antibod-
ies are more predictive of the outcome than N-junction specific antibodies [54, 57]. Our result
aligns with this finding, showing that NANP6 has a larger effect than N-junction. More impor-
tantly, our analysis shows that N-junction is not significant for a subgroup of participants
(cluster 2). Most participants belonging to cluster 2 have minimum values of IgG1 NANP6
avidity index. This observation suggests a potentially intricate relationship between the N-
junction and the avidity of IgG1 antibodies to NANP6, warranting further investigation into
the underlying mechanisms governing this phenomenon.

Building on the previous discussion of GeM-LR’s advantages, it is important to highlight its
additional potential utility. For example, GeM-LR can identify predictive clusters, but we rec-
ognize that the interpretation of clusters, regardless of the computational method used, is
inherently subjective and requires a thorough examination of biological relevance. One aspect
of biological validation involves evaluating whether the clustered objects share common fea-
tures that were not initially considered in the clustering process. This approach enhances the
credibility of the clusters by linking them to meaningful biological patterns or processes.
GeM-LR provides a practical framework for this process. Specifically, GeM-LR can use a sub-
set of features for clustering (via the GMM model), while the LR model, using the full set of
features, subsequently identifies shared characteristics within each cluster. This dual approach
not only helps mitigate the curse of dimensionality commonly associated with clustering but
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also uncovers patterns that were not explicitly used during clustering, thereby expanding our
understanding of the data. Clusters (i.e., subclasses) identified via GeM-LR can guide future
experimental designs. For example, clusters with distinct characteristics in terms of vaccine
response could inform targeted strategies for vaccine development, such as identifying which
groups of individuals may require different vaccine formulations or dosing regimens to
achieve optimal immunity. Additionally, understanding these subclasses could lead to the
identification of biomarkers that predict vaccine efficacy, enabling more personalized and
effective vaccination strategies. It is also worth noting that GeM-LR can serve as a tuning
mechanism to refine clusters initially obtained using any advanced clustering method. This
means GeM-LR can be seamlessly integrated with other clustering techniques to take advan-
tage of recent developments. For example, when working with a large dataset, a deep neural
network approach can be employed to evaluate variable importance and select the most rele-
vant variables for clustering [58]. Additionally, multi-modal data can be utilized to generate
initial clusters [59].

GeM-LR extends the capabilities of a linear logistic regression model to a non-linear classi-
fier with adjustable complexity through the number of mixture components and the embed-
ded GMM. This flexibility allows GeM-LR to handle potentially more diverse datasets. For
instance, considering that vaccine responses can be influenced by various factors such as
genetics, age, and environmental conditions, GeM-LR can be readily extended to incorporate
multi-modal data analysis. For example, genetic information can be utilized for clustering,
while other factors can be incorporated into the regression model within each cluster.
Although GeM-LR maintains linear complexity with respect to the number of samples, high-
dimensional feature spaces, such as those encountered with multi-modal data, present chal-
lenges, particularly in estimating covariance matrices during the EM algorithm. A common
approach to address high dimensionality is to impose specific structural constraints on the
covariance matrices, such as diagonal or block structures. We have implemented in the estima-
tion of GeM-LR various options to constrain the structures of covariance matrices including
diagonal matrices, a shared shape of covariance matrices across components, and/or a shared
orientation of covariance matrices.

In summary, we have conducted experiments to compare our method with five other
approaches, highlighting its advantages. Here, we restrict our attention to the problem of
binary outcome classification with relatively homogenous populations of mostly healthy
adults, and all examples demonstrate GeM-LR in a cross-validated context rather than its per-
formance on new, external data. While exploring GeM-LR’s performance in external valida-
tion would be valuable, this is a noted limitation of the current paper. Our framework,
however, is adaptable to a range of classification and regression problems in biomedical studies
with different focuses. For instance, it is clinically important to examine vaccine-response het-
erogeneity from licensed vaccines in populations including individuals with various clinical
factors, such as immunocompromise, dialysis, or cancer. Our method is promising for discov-
ering such heterogeneities and may aid in identifying CoPs for designing vaccine candidates
that target efficacy in priority populations more effectively.

Supporting information

S1 Appendix. This file includes a description of the formulation of GeM-LR, along with
the expectation-maximization (EM) algorithm used for model fitting.
(PDF)
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S1 Fig. Box plots displaying the AUCs of the 5-fold CV for five repetitions, comparing
GeM-LRs with competing methods, for HVTN505 data.
(DOCX)

Acknowledgments

We thank the participants, clinical staff and study teams of HVTN 505 (NCT00865566), Vac-
cines against Salmonella Typhi (VAST; EudraCT2014-002978-36), MAL068 (NCT01366534),
MALO071 (NCT01857869), and MAL092 (NCT03162614) vaccine clinical trials. We thank
PATH’s Center for Vaccine Innovation and Access (CVIA) and GSK (Belgium) for providing
CHMI data. We thank Nicole Yates, Caroline Brackett, Sir’Tauria Hilliard, Gillian Q. Horn,
Milite Abraha, Richard H. C. Huntwork, Matthew Reichartz, Michelle Rojas, Frederick Feely,
Aaron Deal, Kan Li, Alex Carnacchi, Elizabeth Feeney, Siam Shabbir, Martina Wesley, Valerie
Bekker, S. Munir Alam, Sheetij Dutta, Scott Gregory, Ulrike Wille-Reece for their contribu-
tions in generating the serological datasets for primary studies. We also thank Sarah V.
Mudrak and M. Umar Qureshi for program support.

Author Contributions
Conceptualization: Lin Lin, Jia Li.

Data curation: Lin Lin, Rachel L. Spreng, Kelly E. Seaton, S. Moses Dennison, Peter B. Gilbert,
Youyi Fong, Andrew J. Pollard, Georgia D. Tomaras.

Formal analysis: Lin Lin, Jia Li.

Methodology: Lin Lin, Jia Li.

Software: Lin Lin, Jia Li.

Writing - original draft: Lin Lin, Georgia D. Tomaras, Jia Li.

Writing - review & editing: Lin Lin, Rachel L. Spreng, Kelly E. Seaton, S. Moses Dennison,
Lindsay C. Dahora, Daniel J. Schuster, Sheetal Sawant, Peter B. Gilbert, Youyi Fong, Neville
Kisalu, Andrew J. Pollard, Georgia D. Tomaras, Jia Li.

References

1. Le DH. Machine learning-based approaches for disease gene prediction. Brief Funct Genomics. 2020;
19(5-6):350-63. https://doi.org/10.1093/bfgp/elaa013 PMID: 32567652.

2. Yed,WangS, Yang X, Tang X. Gene prediction of aging-related diseases based on DNN and Mashup.
BMC Bioinformatics. 2021; 22(1):597. Epub 20211217. https://doi.org/10.1186/s12859-021-04518-5
PMID: 34920719; PubMed Central PMCID: PMC8680025.

3. MaT, Zhang H, Ong H, Vora A, Nguyen TD, Gupta A, et al., editors. Ensembling Low Precision Models
for Binary Biomedical Image Segmentation. 2021 IEEE Winter Conference on Applications of Computer
Vision (WACV); 2021 3-8 Jan. 2021.

4. De Souza FSH, Hojo-Souza NS, Dos Santos EB, Da Silva CM, Guidoni DL. Predicting the Disease Out-
come in COVID-19 Positive Patients Through Machine Learning: A Retrospective Cohort Study With
Brazilian Data. Front Artif Intell. 2021; 4:579931. Epub 20210813. https://doi.org/10.3389/frai.2021.
579931 PMID: 34514377; PubMed Central PMCID: PMC8427867.

5. QianX, LiY, Zhang X, Guo H, He J, Wang X, et al. A Cardiovascular Disease Prediction Model Based
on Routine Physical Examination Indicators Using Machine Learning Methods: A Cohort Study. Front
Cardiovasc Med. 2022; 9:854287. Epub 20220617. https://doi.org/10.3389/fcvm.2022.854287 PMID:
35783868; PubMed Central PMCID: PMC9247206.

6. Rasmy L, Nigo M, Kannadath BS, Xie Z, Mao B, Patel K, et al. Recurrent neural network models
(CovRNN) for predicting outcomes of patients with COVID-19 on admission to hospital: model develop-
ment and validation using electronic health record data. Lancet Digit Health. 2022; 4(6):e415—e25.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012581 November 14, 2024 20/23


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1012581.s002
https://doi.org/10.1093/bfgp/elaa013
http://www.ncbi.nlm.nih.gov/pubmed/32567652
https://doi.org/10.1186/s12859-021-04518-5
http://www.ncbi.nlm.nih.gov/pubmed/34920719
https://doi.org/10.3389/frai.2021.579931
https://doi.org/10.3389/frai.2021.579931
http://www.ncbi.nlm.nih.gov/pubmed/34514377
https://doi.org/10.3389/fcvm.2022.854287
http://www.ncbi.nlm.nih.gov/pubmed/35783868
https://doi.org/10.1371/journal.pcbi.1012581

PLOS COMPUTATIONAL BIOLOGY GeM-LR

Epub 20220421. https://doi.org/10.1016/S2589-7500(22)00049-8 PMID: 35466079; PubMed Central
PMCID: PMC9023005.

7. Shipp MA, Ross KN, Tamayo P, Weng AP, Kutok JL, Aguiar RC, et al. Diffuse large B-cell ymphoma
outcome prediction by gene-expression profiling and supervised machine learning. Nat Med. 2002; 8
(1):68—74. https://doi.org/10.1038/nm0102-68 PMID: 11786909.

8. Collier DA, Ferreira l, Kotagiri P, Datir RP, Lim EY, Touizer E, et al. Age-related immune response het-
erogeneity to SARS-CoV-2 vaccine BNT162b2. Nature. 2021; 596(7872):417—22. Epub 20210630.
https://doi.org/10.1038/s41586-021-03739-1 PMID: 34192737; PubMed Central PMCID:
PMC8373615.

9. Kerneis S, Launay O, Turbelin C, Batteux F, Hanslik T, Boelle PY. Long-term immune responses to vac-
cination in HIV-infected patients: a systematic review and meta-analysis. Clin Infect Dis. 2014; 58
(8):1130-9. Epub 20140110. https://doi.org/10.1093/cid/cit937 PMID: 24415637; PubMed Central
PMCID: PMC4761378.

10. Yap XZ, McCall MBB, Sauerwein RW. Fast and fierce versus slow and smooth: Heterogeneity in
immune responses to Plasmodium in the controlled human malaria infection model. Immunol Rev.
2020; 293(1):253-69. Epub 20191012. hitps://doi.org/10.1111/imr.12811 PMID: 31605396; PubMed
Central PMCID: PMC6973142.

11. Yates NL, deCamp AC, Korber BT, Liao HX, Irene C, Pinter A, et al. HIV-1 Envelope Glycoproteins
from Diverse Clades Differentiate Antibody Responses and Durability among Vaccinees. J Virol. 2018;
92(8). Epub 20180328. https://doi.org/10.1128/JV1.01843-17 PMID: 29386288; PubMed Central
PMCID: PMC5874409.

12. LinLY, Carapito R, Su B, Moog C. Fc receptors and the diversity of antibody responses to HIV infection
and vaccination. Genes Immun. 2022; 23(5):149-56. Epub 20220610. https://doi.org/10.1038/s41435-
022-00175-7 PMID: 35688931; PubMed Central PMCID: PMC9388370.

13. Plotkin SA. Recent updates on correlates of vaccine-induced protection. Front Immunol. 2022;
13:1081107. Epub 20230127. https://doi.org/10.3389/fimmu.2022.1081107 PMID: 36776392; PubMed
Central PMCID: PMC9912984.

14. Alter G, Barouch D. Immune Correlate-Guided HIV Vaccine Design. Cell Host Microbe. 2018; 24(1):25—
33. https://doi.org/10.1016/j.chom.2018.06.012 PMID: 30001521; PubMed Central PMCID:
PMC6114134.

15. Lopez Angel CJ, Tomaras GD. Bringing the path toward an HIV-1 vaccine into focus. PLoS Pathog.
2020; 16(9):e1008663. Epub 20200910. https://doi.org/10.1371/journal.ppat.1008663 PMID:
32913360; PubMed Central PMCID: PMC7482965.

16. Pantaleo G, Koup RA. Correlates of immune protection in HIV-1 infection: what we know, what we don’t
know, what we should know. Nat Med. 2004; 10(8):806—10. https://doi.org/10.1038/nm0804-806 PMID:
15286782.

17. Tibshirani R. Regression Shrinkage and Selection via the Lasso. Journal of the Royal Statistical Society
Series B (Methodological). 1996; 58(1):267—88.

18. Zou H, Hastie T. Regularization and variable selection via the elastic net (vol B 67, pg 301, 2005). J R
Stat Soc B. 2005; 67:768-. https://doi.org/10.1111/j.1467-9868.2005.00527 .x
WOS:000233203400009.

19. Cover TM, Hart PE. Nearest Neighbor Pattern Classification. leee T Inform Theory. 1967; 13(1):21—+.
https://doi.org/10.1109/Tit.1967.1053964 WOS:A19679181500004.

20. Breiman L. Random forests. Mach Learn. 2001; 45(1):5-32. https://doi.org/10.1023/A:1010933404324
WOS:000170489900001.

21. Medvedovic M, Yeung KY, Bumgarner RE. Bayesian mixture model based clustering of replicated
microarray data. Bioinformatics. 2004; 20(8):1222-32. https://doi.org/10.1093/bioinformatics/bth068
WOS:000221556100003. PMID: 14871871

22. Permuter H, Francos J, Jermyn I. A study of Gaussian mixture models of color and texture features for
image classification and segmentation. Pattern Recogn. 2006; 39(4):695-706. https://doi.org/10.1016/j.
patcog.2005.10.028 WOS:000235859200017.

23. Fraley C, Raftery AE. Bayesian regularization for normal mixture estimation and model-based cluster-
ing. J Classif. 2007; 24(2):155-81. https://doi.org/10.1007/s00357-007-0004-5
WOS:000251426000002.

24. McNicholas PD, Murphy TB. Model-based clustering of microarray expression data via latent Gaussian
mixture models. Bioinformatics. 2010; 26(21):2705—-12. https://doi.org/10.1093/bioinformatics/btq498
WOS:000283665000009. PMID: 20802251

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012581 November 14, 2024 21/23


https://doi.org/10.1016/S2589-7500%2822%2900049-8
http://www.ncbi.nlm.nih.gov/pubmed/35466079
https://doi.org/10.1038/nm0102-68
http://www.ncbi.nlm.nih.gov/pubmed/11786909
https://doi.org/10.1038/s41586-021-03739-1
http://www.ncbi.nlm.nih.gov/pubmed/34192737
https://doi.org/10.1093/cid/cit937
http://www.ncbi.nlm.nih.gov/pubmed/24415637
https://doi.org/10.1111/imr.12811
http://www.ncbi.nlm.nih.gov/pubmed/31605396
https://doi.org/10.1128/JVI.01843-17
http://www.ncbi.nlm.nih.gov/pubmed/29386288
https://doi.org/10.1038/s41435-022-00175-7
https://doi.org/10.1038/s41435-022-00175-7
http://www.ncbi.nlm.nih.gov/pubmed/35688931
https://doi.org/10.3389/fimmu.2022.1081107
http://www.ncbi.nlm.nih.gov/pubmed/36776392
https://doi.org/10.1016/j.chom.2018.06.012
http://www.ncbi.nlm.nih.gov/pubmed/30001521
https://doi.org/10.1371/journal.ppat.1008663
http://www.ncbi.nlm.nih.gov/pubmed/32913360
https://doi.org/10.1038/nm0804-806
http://www.ncbi.nlm.nih.gov/pubmed/15286782
https://doi.org/10.1111/j.1467-9868.2005.00527.x
https://doi.org/10.1109/Tit.1967.1053964
https://doi.org/10.1023/A%3A1010933404324
https://doi.org/10.1093/bioinformatics/bth068
http://www.ncbi.nlm.nih.gov/pubmed/14871871
https://doi.org/10.1016/j.patcog.2005.10.028
https://doi.org/10.1016/j.patcog.2005.10.028
https://doi.org/10.1007/s00357-007-0004-5
https://doi.org/10.1093/bioinformatics/btq498
http://www.ncbi.nlm.nih.gov/pubmed/20802251
https://doi.org/10.1371/journal.pcbi.1012581

PLOS COMPUTATIONAL BIOLOGY GeM-LR

25. Kumari RSS, Nidhyananthan SS, Anand G. Fused Mel Feature sets based Text-Independent Speaker
Identification using Gaussian Mixture Model. Procedia Engineer. 2012; 30:319-26. https://doi.org/10.
1016/j.proeng.2012.01.867 WOS:000314170600041.

26. LiW,LinL,MalhotraR, YangL, Acharya R, Poss M. A computational framework to assess genome-
wide distribution of polymorphic human endogenous retrovirus-K In human populations. PLoS Comput
Biol. 2019; 15(3):e1006564. Epub 20190328. https://doi.org/10.1371/journal.pcbi.1006564 PMID:
30921327; PubMed Central PMCID: PMC6456218.

27. LinL, ShiW, YeJ, LiJ. Multisource single-cell data integration by MAW barycenter for Gaussian mix-
ture models. Biometrics. 2022. Epub 20220227. https://doi.org/10.1111/biom.13630 PMID: 35220585.

28. Fraley CaR, Adrian E. MCLUST version 3: an R package for normal mixture modeling and model-based
clustering. Department of Statistics, University of Washington, 2006.

29. SeoB, LinL, LiJ. Mixture of Linear Models Co-supervised by Deep Neural Networks. J Comput Graph
Stat. 2022; 31(4):1303—17. https://doi.org/10.1080/10618600.2022.2107533 WOS:000860639700001.

30. Scruccal, Fop M, Murphy TB, Raftery AE. mclust 5: Clustering, Classification and Density Estimation
Using Gaussian Finite Mixture Models. R J. 2016; 8(1):289-317. https://doi.org/10.1186/s12942-015-
0017-5 PMID: 27818791; PubMed Central PMCID: PMC5096736.

31. Zhangl, LinL, LiJ. CPS analysis: self-contained validation of biomedical data clustering. Bioinformat-
ics. 2020; 36(11):3516—21. https://doi.org/10.1093/bioinformatics/btaal65 PMID: 32154841

32. LinL, ChanC, West M. Discriminative variable subsets in Bayesian classification with mixture models,
with application in flow cytometry studies. Biostatistics. 2016; 17(1):40-53. Epub 201506083. https://doi.
org/10.1093/biostatistics/kxv021 PMID: 26040910; PubMed Central PMCID: PMC4679067.

33. LeeS, ZhuJ, Xing E. Adaptive Multi-Task Lasso: with Application to eQTL Detection. In: Lafferty J, Wil-
liams C, Shawe-Taylor J, Zemel R, A. C, editors. Advances in Neural Information Processing Systems:
Curran Associates, Inc.; 2010. p. 1306—14.

34. Chen X, He J, Lawrence R, Carbonell JG. Adaptive Multi-task Sparse Learning with an Application to
fMRI Study. Proceedings of the 2012 SIAM International Conference on Data Mining (SDM). p. 212-23.

35. Forman G, Scholz M. Apples-to-apples in cross-validation studies: pitfalls in classifier performance
measurement. SIGKDD Explor Newsl. 2010; 12(1):49-57. https://doi.org/10.1145/1882471.1882479

36. Vabalas A, Gowen E, Poliakoff E, Casson AJ. Machine learning algorithm validation with a limited sam-
ple size. PLoS One. 2019; 14(11):e0224365. Epub 20191107. https://doi.org/10.1371/journal.pone.
0224365 PMID: 31697686; PubMed Central PMCID: PMC6837442.

37. Hammer SM, Sobieszczyk ME, Janes H, Karuna ST, Mulligan MJ, Grove D, et al. Efficacy trial of a
DNA/rAd5 HIV-1 preventive vaccine. N Engl J Med. 2013; 369(22):2083—-92. Epub 20131007. https://
doi.org/10.1056/NEJMoa1310566 PMID: 24099601; PubMed Central PMCID: PMC4030634.

38. FongY, Shen X, Ashley VC, Deal A, Seaton KE, Yu C, et al. Modification of the Association Between T-
Cell Immune Responses and Human Immunodeficiency Virus Type 1 Infection Risk by Vaccine-
Induced Antibody Responses in the HVTN 505 Trial. J Infect Dis. 2018; 217(8):1280-8. https://doi.org/
10.1098/infdis/jiy008 PMID: 29325070; PubMed Central PMCID: PMC6018910.

39. Janes HE, Cohen KW, Frahm N, De Rosa SC, Sanchez B, Hural J, et al. Higher T-Cell Responses
Induced by DNA/rAd5 HIV-1 Preventive Vaccine Are Associated With Lower HIV-1 Infection Risk in an
Efficacy Trial. J Infect Dis. 2017; 215(9):1376-85. https://doi.org/10.1093/infdis/jix086 PMID:
28199679; PubMed Central PMCID: PMC5853653.

40. Neidich SD, Fong Y, Li SS, Geraghty DE, Williamson BD, Young WC, et al. Antibody Fc effector func-
tions and IgG3 associate with decreased HIV-1 risk. J Clin Invest. 2019; 129(11):4838-49. https://doi.
org/10.1172/JC1126391 PMID: 31589165; PubMed Central PMCID: PMC6819135.

41. Krautenbacher N, Theis FJ, Fuchs C. Correcting Classifiers for Sample Selection Bias in Two-Phase
Case-Control Studies. Comput Math Methods Med. 2017; 2017:7847531. Epub 20170924. https://doi.
org/10.1155/2017/7847531 PMID: 29312464; PubMed Central PMCID: PMC5632994.

42. Anwar E, Goldberg E, Fraser A, Acosta CJ, Paul M, Leibovici L. Vaccines for preventing typhoid fever.
Cochrane Database of Systematic Reviews. 2014;(1). https://doi.org/10.1002/14651858.CD001261.
pub3 CD001261. PMID: 24385413

43. Rijkers GT, Sanders EAM, Breukels MA, Zegers BJM. Infant B cell responses to polysaccharide deter-
minants. Vaccine. 1998; 16(14):1396—400. https://doi.org/10.1016/s0264-410x(98)00098-x PMID:
9711778

44. Jin C, Gibani MM, Moore M, Juel HB, Jones E, Meiring J, et al. Efficacy and immunogenicity of a Vi-teta-
nus toxoid conjugate vaccine in the prevention of typhoid fever using a controlled human infection
model of Salmonella Typhi: a randomised controlled, phase 2b trial. Lancet. 2017; 390(10111):2472—
80. Epub 20170928. https://doi.org/10.1016/S0140-6736(17)32149-9 PMID: 28965718; PubMed Cen-
tral PMCID: PMC5720597.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012581 November 14, 2024 22/23


https://doi.org/10.1016/j.proeng.2012.01.867
https://doi.org/10.1016/j.proeng.2012.01.867
https://doi.org/10.1371/journal.pcbi.1006564
http://www.ncbi.nlm.nih.gov/pubmed/30921327
https://doi.org/10.1111/biom.13630
http://www.ncbi.nlm.nih.gov/pubmed/35220585
https://doi.org/10.1080/10618600.2022.2107533
https://doi.org/10.1186/s12942-015-0017-5
https://doi.org/10.1186/s12942-015-0017-5
http://www.ncbi.nlm.nih.gov/pubmed/27818791
https://doi.org/10.1093/bioinformatics/btaa165
http://www.ncbi.nlm.nih.gov/pubmed/32154841
https://doi.org/10.1093/biostatistics/kxv021
https://doi.org/10.1093/biostatistics/kxv021
http://www.ncbi.nlm.nih.gov/pubmed/26040910
https://doi.org/10.1145/1882471.1882479
https://doi.org/10.1371/journal.pone.0224365
https://doi.org/10.1371/journal.pone.0224365
http://www.ncbi.nlm.nih.gov/pubmed/31697686
https://doi.org/10.1056/NEJMoa1310566
https://doi.org/10.1056/NEJMoa1310566
http://www.ncbi.nlm.nih.gov/pubmed/24099601
https://doi.org/10.1093/infdis/jiy008
https://doi.org/10.1093/infdis/jiy008
http://www.ncbi.nlm.nih.gov/pubmed/29325070
https://doi.org/10.1093/infdis/jix086
http://www.ncbi.nlm.nih.gov/pubmed/28199679
https://doi.org/10.1172/JCI126391
https://doi.org/10.1172/JCI126391
http://www.ncbi.nlm.nih.gov/pubmed/31589165
https://doi.org/10.1155/2017/7847531
https://doi.org/10.1155/2017/7847531
http://www.ncbi.nlm.nih.gov/pubmed/29312464
https://doi.org/10.1002/14651858.CD001261.pub3
https://doi.org/10.1002/14651858.CD001261.pub3
http://www.ncbi.nlm.nih.gov/pubmed/24385413
https://doi.org/10.1016/s0264-410x%2898%2900098-x
http://www.ncbi.nlm.nih.gov/pubmed/9711778
https://doi.org/10.1016/S0140-6736%2817%2932149-9
http://www.ncbi.nlm.nih.gov/pubmed/28965718
https://doi.org/10.1371/journal.pcbi.1012581

PLOS COMPUTATIONAL BIOLOGY GeM-LR

45. Tomic A, Tomic |, Waldron L, Geistlinger L, Kuhn M, Spreng RL, et al. SIMON: Open-Source Knowl-
edge Discovery Platform. Patterns (N Y). 2021; 2(1):100178. Epub 20210108. https://doi.org/10.1016/j.
patter.2020.100178 PMID: 33511368; PubMed Central PMCID: PMC7815964.

46. van Buuren S, Groothuis-Oudshoorn K. mice: Multivariate Imputation by Chained Equations in R. Jour-
nal of Statistical Software. 2011; 45(3):1-67. https://doi.org/10.18637/jss.v045.i03

47. vander Maaten L, Hinton G. Visualizing Data using t-SNE. J Mach Learn Res. 2008; 9:2579-605.
WOS:000262637600007.

48. Mclnnes L, Healy J, Saul N, GroBberger L. UMAP: Uniform Manifold Approximation and Projection.
Journal of Open Source Software. 2018; 3(29):861. https://doi.org/10.21105/joss.00861

49. LeDell E, Petersen M, van der Laan M. Computationally efficient confidence intervals for cross-vali-
dated area under the ROC curve estimates. Electron J Stat. 2015; 9(1):1583-607. https://doi.org/10.
1214/15-EJS1035 PMID: 26279737; PubMed Central PMCID: PMC4533123.

50. Regules JA, Cicatelli SB, Bennett JW, Paolino KM, Twomey PS, Moon JE, et al. Fractional Third and
Fourth Dose of RTS,S/AS01 Malaria Candidate Vaccine: A Phase 2a Controlled Human Malaria Para-
site Infection and Immunogenicity Study. J Infect Dis. 2016; 214(5):762—71. Epub 20160613. https://
doi.org/10.1093/infdis/jiw237 PMID: 27296848.

51. Rts SCTP. Efficacy and safety of RTS,S/AS01 malaria vaccine with or without a booster dose in infants
and children in Africa: final results of a phase 3, individually randomised, controlled trial. Lancet. 2015;
386(9988):31—45. Epub 20150423. https://doi.org/10.1016/S0140-6736(15)60721-8 PMID: 25913272;
PubMed Central PMCID: PMC5626001.

52. DahoralLC, Jin C, Spreng RL, Feely F, Mathura R, Seaton KE, et al. IgA and IgG1 Specific to Vi Poly-
saccharide of Salmonella Typhi Correlate With Protection Status in a Typhoid Fever Controlled Human
Infection Model. Front Immunol. 2019; 10:2582. Epub 20191101. https://doi.org/10.3389/fimmu.2019.
02582 PMID: 31781100; PubMed Central PMCID: PMC6852708.

53. Jin C, Hill J, Gunn BM, Yu WH, Dahora LC, Jones E, et al. Vi-specific serological correlates of protection
for typhoid fever. J Exp Med. 2021;218(2). https://doi.org/10.1084/jem.20201116 PMID: 33180929;
PubMed Central PMCID: PMC7668386.

54. Seaton KE, Spreng RL, Abraha M, Reichartz M, Rojas M, Feely F, 2nd, et al. Subclass and avidity of cir-
cumsporozoite protein specific antibodies associate with protection status against malaria infection.
NPJ Vaccines. 2021; 6(1):110. Epub 20210830. https://doi.org/10.1038/s41541-021-00372-x PMID:
34462438; PubMed Central PMCID: PMC8405700.

55. Young WC, Carpp LN, Chaudhury S, Regules JA, Bergmann-Leitner ES, Ockenhouse C, et al. Com-
prehensive Data Integration Approach to Assess Immune Responses and Correlates of RTS,S/AS01-
Mediated Protection From Malaria Infection in Controlled Human Malaria Infection Trials. Front Big
Data. 2021; 4:672460. Epub 20210615. https://doi.org/10.3389/fdata.2021.672460 PMID: 34212134;
PubMed Central PMCID: PMC8239149.

56. Dennison SM, Reichartz M, Abraha M, Spreng RL, Wille-Reece U, Dutta S, et al. Magnitude, Specificity,
and Avidity of Sporozoite-Specific Antibodies Associate With Protection Status and Distinguish Among
RTS,S/AS01 Dose Regimens. Open Forum Infectious Diseases. 2020; 8(2). https://doi.org/10.1093/
ofid/ofaa644

57. Spreng RL, Seaton KE, Lin L, Hilliard S, Horn GQ, Abraha M, et al. Identification of RTS,S/AS01 vac-
cine-induced humoral biomarkers predictive of protection against controlled human malaria infection.
JCl Insight. 2024; 9(19). Epub 20241008. https://doi.org/10.1172/jci.insight.178801 PMID: 39377226;
PubMed Central PMCID: PMC11466194.

58. ZhanglL, LinL, LiJ. ViNet: A neural network with variable importance assessment. Stat. 2021; 10(1):
€325. https://doi.org/10.1002/sta4.325

59. Zhangl, LinL, LiJ. Multi-view clustering by CPS-merge analysis with application to multimodal single-
cell data. PLoS Comput Biol. 2023; 19(4):e1011044. Epub 20230417. https://doi.org/10.1371/journal.
pcbi.1011044 PMID: 37068097; PubMed Central PMCID: PMC10138214.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1012581 November 14, 2024 23/23


https://doi.org/10.1016/j.patter.2020.100178
https://doi.org/10.1016/j.patter.2020.100178
http://www.ncbi.nlm.nih.gov/pubmed/33511368
https://doi.org/10.18637/jss.v045.i03
https://doi.org/10.21105/joss.00861
https://doi.org/10.1214/15-EJS1035
https://doi.org/10.1214/15-EJS1035
http://www.ncbi.nlm.nih.gov/pubmed/26279737
https://doi.org/10.1093/infdis/jiw237
https://doi.org/10.1093/infdis/jiw237
http://www.ncbi.nlm.nih.gov/pubmed/27296848
https://doi.org/10.1016/S0140-6736%2815%2960721-8
http://www.ncbi.nlm.nih.gov/pubmed/25913272
https://doi.org/10.3389/fimmu.2019.02582
https://doi.org/10.3389/fimmu.2019.02582
http://www.ncbi.nlm.nih.gov/pubmed/31781100
https://doi.org/10.1084/jem.20201116
http://www.ncbi.nlm.nih.gov/pubmed/33180929
https://doi.org/10.1038/s41541-021-00372-x
http://www.ncbi.nlm.nih.gov/pubmed/34462438
https://doi.org/10.3389/fdata.2021.672460
http://www.ncbi.nlm.nih.gov/pubmed/34212134
https://doi.org/10.1093/ofid/ofaa644
https://doi.org/10.1093/ofid/ofaa644
https://doi.org/10.1172/jci.insight.178801
http://www.ncbi.nlm.nih.gov/pubmed/39377226
https://doi.org/10.1002/sta4.325
https://doi.org/10.1371/journal.pcbi.1011044
https://doi.org/10.1371/journal.pcbi.1011044
http://www.ncbi.nlm.nih.gov/pubmed/37068097
https://doi.org/10.1371/journal.pcbi.1012581

