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ABSTRACT: The increase of bacterial resistance to currently available antibiotics has
underlined the urgent need to develop new antibiotic drugs. Antimicrobial peptides (AMPs),
alone or in combination with other peptides and/or existing antibiotics, have emerged as
promising candidates for this task. However, given that there are thousands of known AMPs
and an even larger number can be synthesized, it is impossible to comprehensively test all of
them using standard wet lab experimental methods. These observations stimulated an
application of machine-learning methods to identify promising AMPs. Currently, machine =
learning studies combine very different bacteria without considering bacteria-specific features
or interactions with AMPs. In addition, the sparsity of current AMP data sets disqualifies the
application of traditional machine-learning methods or makes the results unreliable. Here, we
present a new approach, featuring neighborhood-based collaborative filtering, to predict with
high accuracy a given bacteria’s response to untested AMPs based on similarities between
bacterial responses. Furthermore, we also developed a complementary bacteria-specific link
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prediction approach that can be used to visualize networks of AMP-antibiotic combinations, enabling us to propose new

combinations that are likely to be effective.

B INTRODUCTION

Bacterial resistance to conventional antibiotics is becoming a
major global health threat in the 21st century.' Specifically,
there are several types of superbugs (bacterial strains resistant
to all known antibiotics), including A. baumannii, P. aeruginosa,
and Enterobacteriaceae, that have been listed as highest-priority
targets for the future antibiotic drugs by the World Health
Organization.” These bacteria are resistant to the most
effective classes of conventional antibiotics available, including
the broad-spectrum carbapanems: imipenem, meropenem,
ertapenem, and doripenem.™" It is known that these antibiotics
target the intercellular environment and deactivate the
enzymes that inhibit cell death, leading to the destruction of
the bacteria cell (autolysis). They are meant to be administered
as a last resort to preserve their efficacy, minimize toxicity, and
avoid the development of bacteria resistance. However,
frequent exposures of bacteria to these antibiotics have already
led to the development of resistance via mutations that
stimulated the production of different enzymes to replace the
deactivated autolysis inhibitor enzymes. Other resistance
mutations are associated with the creation of new efflux
pumps to push the antibiotics out of the cell and also include
the porin mutations that prevent the antibiotics from
penetrating the cell walls.”*

Antimicrobial peptides (AMPs), which include several
classes of short and mostly positively charged peptides, have
been suggested as possible alternatives or adjuncts to
conventional antibiotics.” Their positively charged groups
bind efficiently to negatively charged segments of bacterial
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membranes, after which they stimulate the formation of pores
in the cell walls. These pores eventually lead to the cell deaths.’
AMPs play a critical role in the innate immune system as the
first line of defense against invading pathogens, but they can
also potentially serve as the most effective last line of defense.”
Furthermore, two or more types of AMPs in combination, and
also one type of AMPs in combination with an antibiotic, have
shown the potential to be highly effective drugs with lower
toxicity than the individual AMPs or antibiotics.” Remarkably,
a single AMP type that effectively halts the bacterial growth
can continue to exert significant antimicrobial activity when
used in lower concentrations in combination with an
ineffective AMP or resistant antibiotic, essentially sensitizing
the bacteria to the antibiotic to which they were previously
resistant.” Moreover, combinations of AMPs can remain
effective in spite of bacteria resistance to individual AMPs."’
While decades of experimental studies have tested multiple
AMP-antibiotic combinations against the antibiotic-resistant
bacteria, it is realistically not feasible to test quickly all possible
combinations against all possible bacteria. The process from
drug production and discovery to testing and releasing into the
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market is resource-costly, which is why various machine-
learning methods, including recommendation systems, have
been utilized to accelerate the identification of promising drug
candidates.'™"* With machine-learning methods, the existing
data on AMP antimicrobial activity can be leveraged to narrow
the pool of AMP combinations that need to be tested.'"'”
However, the main challenge is that when considering
individual bacteria the data on AMP and AMP-antibiotic
efficacy are highly sparse. The data are even sparser for AMP-
AMP combinations, which may contribute to the lack of
investigations on elucidating molecular mechanisms of
antibacterial action for existing AMP-AMP combinations and
predicting activity of new ones.'® Previous studies focused on
the efficacy of single AMP types alone and were limited in
combining very different bacteria for their analyses [e.g., broad
categories of Gram-positive vs Gram-negative bacteria or active
against one type vs inactive against all tested types of
bacteria'”'®]. Although certain AMP types and AMP
combinations have shown broad-spectrum antimicrobial
activity, there are key differences between bacteria, for example
in membrane composition'” or morphology,”” that can affect
the efficacy of a single AMP type or AMPs in combination and
render some bacteria but not others resistant to the
antimicrobial agents. It is important to develop new AMP-
based antibiotic drugs by taking into account the specificity of
the target bacterial species.

There are different methods for predicting functions of
different proteins including sequence-based methods,”"**
embedding-based methods,”””* KEGG and GO enrichment
score-based methods,”> and network-based methods.*® Specif-
ically, in recent years, several computational frameworks have
been developed for prediction of minimal inhibitory
concentration (MIC) values of AMPs targeting different
bacteria.'”’?” However, such approaches have two main
disadvantages. First, they are typically based on establishing a
structure—activity relationship, aiming at predicting the MIC
values from the peptide sequences. However, the MIC values,
which quantify the bacteria’s response to AMPs, can depend
on a combination of several complex phenomena such as
interactions of AMPs with membranes or interactions of AMPs
with intracellular components.”® Therefore, the MIC values
cannot be predicted solely based on the structural features of
peptides. Another disadvantage of current MIC-prediction
machine-learning models is that they were trained by data sets
which included several different types of bacteria. This
selection of collapsed data sets ignores the role of bacterial
membranes since bacteria have different membrane architec-
tures. Thus, the predictions of such machine-learning methods
cannot be reliable because one peptide can be effective against
one bacterium (low MIC), but it might not be effective against
another bacterium (high MIC). However, more advanced
machine-learning-based methods were developed recently that
take into account the differences in AMP antimicrobial activity
between different strains and how physicochemical features of
AMPs are related to these differences.””*’

One method that takes into account such specificity is the
user-based recommendation system, which was originally
developed for predicting unknown movie ratings for one user
based on similar users who watched and rated those movies.”"
In particular, a recommendation-system method called
neighborhood-based collaborative filtering (NBCF) has been
successfully applied in biomedical research to predict protein—
protein interactions,”> new anticancer drugs,”’ drug side

effects,® and for treatments of diseases for which existing
drugs have not been tested and could potentially be effective.’

NBCF seemed to be an ideal method also for investigating
AMP antimicrobial activity across numerous bacteria because
similarities in responses of different bacteria to the same AMPs
can be used to predict responses of bacteria to an untested
AMP type or AMP combination. One critical advantage of
NBCF over other methods is that the minimum sparsity
requirement for the data set is quite low, particularly as the
number of users (bacteria) and items (AMP types or AMP
combinations) increases. Moreover, the accuracy of predictions
is user-independent and data-dependent, so as the available
amount of data on AMP efficacy increases, NBCF will be more
useful and can provide reliable predictions that could not be
made previously for a greater number of bacteria. The
predictions of NBCF can then be fed to additional machine-
learning models to augment the size of the training data and to
increase the prediction accuracy for aspects in which the
NCBF method is limited.** However, a limitation of NBCF is
that the method cannot lead to the generation of predictions
for new AMP types or AMP combinations that have not yet
been tested on any bacteria. Thus, NBCF is optimal as a data-
augmentation method to be used with other models, for
example, the link prediction method, which can recommend
new combinations to be tested.

In this work, we adopted the user-based NBCF method and
applied it to predict antimicrobial activity of individual AMP
types and AMP-antibiotic combinations. We found high
predictive accuracy for known activity ratings for numerous
bacteria. Our predictions can be tested since specific
quantitative estimates that can be measured in experiments
are obtained. Furthermore, we visualized AMPs and antibiotics
as nodes in a network with edges representing synergistic or
nonsynergistic combined activity and predicted future edges
representing AMP-antibiotic and antibiotic-antibiotic combi-
nations using a link prediction algorithm.

B MATERIALS AND METHODS

Fractional Inhibitory Concentration (FIC). Antimicro-
bial activity can be evaluated through a parameter known as
minimum inhibitory concentration (MIC), which is defined as
the minimum concentration of an antimicrobial required for a
population of bacteria to stop growing.’’ Synergy between
antimicrobials, including AMPs and antibiotics, is commonly
tested through a checkerboard assay in which the concen-
tration of one antimicrobial is kept constant while the other is
increased until the combination is effective in inhibiting
bacteria growth, as schematically presented in Figure 1.**

One of the ways to quantify the synergy between
antimicrobial peptides and antibiotics is through evaluation
of fractional inhibitory concentration (FIC) coefficients. For
two antimicrobial agents, including an AMP and an antibiotic,
labeled as 1 and 2, acting individually or in combination, the
FIC indexes are defined as

FICI _ MIC(I in presence of 2) _ Cl
MIC(I alone) Cl,MIC

FIC2 _ MIC(Z in presence of 1) _ CZ
MI C(Z alone)

Cymic (1)

The combined FIC index is then given by FIC = FIC, + FIC,
The antibiotic efficiency of the AMP combination is quantified
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Figure 1. Schematic representation of a synergy assay checkerboard
for measuring cooperativity of antimicrobial combinations. The
concentrations of antimicrobial peptide (AMP) and antibiotic
increase in x and y directions, respectively. The minimum inhibitory
concentration of AMP (antibiotic) in the absence of antibiotic (AMP)
is denoted as C; yuc (Cypmc)-

then by the value of the combined FIC index as follows: FIC <
1 indicates the synergism, FIC = 1 corresponds to additivity,
and FIC > 1 indicates the antagonism. Note, however, that for
practical applications a stricter condition with FIC < 0.5 is
typically applied to identify the strongest synergistic combina-
tions of antibiotic drugs.’”*" This is a common procedure in
the field due to some variability in measuring of antimicrobial
properties.

Data Set Structure. The data were extracted from the
DBAASP database.”’ We did not remove AMPs with
nonstandard amino acids, so our model provides an advantage
of being able to predict antimicrobial activity for these
peptides. The selected data for each strain of bacteria were
collected under the same experimental conditions. Multiple
MIC values for the same strain and AMP collected under the

same experimental conditions were averaged into one value if
the values were less than 2 standard deviations from their
mean. The MIC values were converted to the same units, ug/
ml. It was ensured that all bacteria strains in the data set were
tested on at least ten of the same AMPs. Moreover, all included
MIC values were below 100 to exclude cases in which bacteria
were resistant or insensitive to AMPs.'® In other words, the
included bacteria strains were sensitive to various degrees to
the included AMPs or components of AMP-based combina-
tions. To ensure that there was sufficient data for analysis,* we
only selected the bacteria strains that had MIC values for at
least 12 AMPs. The final data set for single AMPs included 111
bacteria and 1045 AMPs. For AMP-antibiotic combinations,
we only considered E. coli for the link method but not
collaborative filtering. For collaborative filtering, there was not
a sufficient number bacteria with responses for at least 12
AMP-antibiotic combinations (there were only 4 bacteria that
met this criterion). Combinations were considered synergistic
when reported FIC values were < 0.5, and combinations were
considered nonsynergistic if reported FIC values were >0.5.
For the 192 synergistic AMP-antibiotic pairs, there were 98
unique AMPs and 36 unique antibiotics, and there were 173
nonsynergistic AMP-antibiotic pairs with 87 unique AMPs and
35 unique antibiotics. There was sufficient data to make
predictions but not sufficient data to evaluate the model
performance, so the results are included in the Supporting
Information.

Nearest-Neighbor Based Collaborative Filtering. For a
given bacterium, depending on their patterns of ratings for
individual AMPs, we can consider several nearest neighbors in
the d-dimensional space (as visualized in Figure 2a). The
nearest neighbors for each bacterium can be determined using
a proper similarity measure, which is a function that quantifies
the similarity between two objects. Then, a threshold can be
selected such that only pairs with similarity at or exceeding the
threshold are considered nearest neighbors. For example, a
correlation greater than 0.90 is implemented in our analysis,

a) b)
AMP A
y
. Bacteria § —> AMP A
Bacteria
/,' a //_-» AMP B
I
! 3
'\‘ Bacteria @ - O~ o~ -
M T~ »AMPC
42
AMP D
> AMP B
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Figure 2. A schematic view of the nearest-neighbor based collaborative filtering approach. a) Each bacterium can be viewed as a point in the d-
dimensional space where each dimension represents an AMP or AMP-antibiotic combination. Different strains of a certain species of bacteria & and
p are shown in the dashed circles. b) Bacteria-based collaborative filtering. Bacterium « and Bacterium f are nearest neighbors because they are
both inhibited by AMP D. Thus, based on similarity between Bacteria @ and f, we can predict the rating for Bacterium f in response to AMP
combination C (red dashed line) and the rating for Bacterium « in response to AMP combination B (orange dashed line).
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but in principle, any value of the threshold can be used. We
opted to use the Pearson correlation coefficient (r), which is an
important measure that captures the similarity between the
properties of two bacteria a and S by quantifying the
correlations.”” Tt is given by

N,
z,‘:ul (Ra,i - Ma)(R/i,z - M/i)

Sim(a, ) =r =
\/2,1\21 (Ru,i - Mu)z \/Z,Iiul (R/},i - M/;’)Z

)
where R;; is the rating of AMP i for bacteria j, M; is the average
rating for bacteria j (Mj = NL Zi‘leyi), and N, is the total

number of available ratings. Using this similarity function, we
can predict the unknown ratings for a given bacterium, a,’!
and AMP, i

B oy D Sm(@ DRy, - M)
X, Isim(a, k)‘

a,i a

©)

where N, is the number of nearest neighbors for bacterium a
with a Pearson’s correlation coeflicient greater than 0.9. We
divided the data into an 80/20 training/test set to evaluate
model performance. There were 2585 MIC values in the
training set, and there were 641 in the test set. To test the
quality of our predictions, several quantitative measures can be
utilized. The one that we used is the coefficient of
determination, denoted as R?, which is defined as

ZNEV (R (predicted) _ R(actuul))Z
i=1 1 i

RZ
Zf\ivl (Ri(predicted) _ K)Z

(4)

where R,-(”‘”‘“Z) and R,-(p redicted) re actual and predicted ratings for
AMP i, respectively, for a given bacterium @, and N, is the
number of actual vs predicted values in the cross-validation

fold that can be compared. Also, R = % Zf\i‘lRi(m““l) is the

average of the actual ratings for a given bacterium. The closer
R* is to unity, the better the prediction. R* is a standard
method of evaluating statistical models, especially regression.*
Higher R® reflects greater predictive accuracy. This is
particularly important because the values of MIC (describing
individual AMP) have different ranges. In addition, we also
utilized p-values statistical analysis to evaluate the quality of
our predictions.

There are several advantages of applying the neighborhood-
based collaborative filtering for our data set. First, the
properties of synthetic peptides cannot be analyzed by
established AMP properties extractors, and therefore, these
properties cannot be used to predict antimicrobial activity.
Because the user-based recommendation systems rely on
similarities in activity between users (bacteria), synthetic
peptides can be included in the analysis, and their
antimicrobial activity values can be predicted. Second, the
antimicrobial activity values may differ according to species
and strains of bacteria. While AMP antimicrobial activity has
been determined for a wide range of bacteria, the AMP
antimicrobial activity values for individual bacteria, when
considered separately, are limited. Previous studies in their
analysis frequently combined across the species of bacteria
without taking into account the differences in membranes and
other bacterial characteristics that could affect their antimicro-
bial activity. Our theoretical method allows us to estimate the

3700

antimicrobial activity for specific bacterial species. Our
collaborative filtering approach is summarized in Figure 2.
Link Prediction. The neighborhood-based collaborative
filtering approach is limited in that predictions can only be
made for existing AMPs or AMP-based combinations that have
been tested on a sufficiently large number of bacteria strains.
For example, there is a case in which for a target bacterium
strain the response to a specific, target AMP or AMP-based
combination is unknown. If the target bacterium shows similar
responses to the same AMPs as the bacteria that have been
tested with the target AMP, a prediction can be made for the
response of the target bacterium to the target AMP. In the case
of data for AMP-antibiotic combinations from the DBAASP
data set, there was not sufficient data to evaluate predictions
because most AMP-antibiotic combinations were tested on a
limited number of bacteria, and each combination was tested
with different bacteria. Thus, the collaborative filtering
approach is useful only for specific cases. In this section, we
propose to utilize a complementary link method for predicting
the possible synergistic AMP-antibiotic combinations targeting
specific bacteria.”* This approach is particularly useful because
N unique AMPs can be paired into N(N — 1)/2 different
combinations. To proceed further, let us visualize the rating
pattern of a given bacteria for different AMP-antibiotic
combinations as a network, in which each AMP can be
represented as a node and an edge between two nodes would
indicate their synergistic combination. A snapshot of the
corresponding network is visualized in Figure 3. The full
networks for synergistic and nonsynergistic AMP-antibiotic
combinations are shown in Figures S1 and S2, respectively. In
our data set, only a small subset of possible AMP-antibiotic
combinations has been tested, and we would like to predict the
potential synergistic and nonsynergistic combinations. We

Chloramphenicol

Polymyxin B

Anoplin 17664

Figure 3. A schematic representation of the network of synergistic
AMP-antibiotic combinations for a specific bacterium. Solid black
lines connecting two nodes indicate that the corresponding AMPs
synergize, while dashed green lines suggest potential synergistic AMP-
antibiotic pairs. It is more likely that two AMPs will synergize if they
have a common neighbor.
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focused on the E. coli bacterium since the link prediction must
be conducted for one bacterium at a time.

The link prediction method aims to determine the
possibility of probable links in an incomplete graph. There
are different methods for prediction of most probable links.
Two widely used methods for link prediction are common
neighbors and preferential attachment. Let us consider an
arbitrary network in which two nodes x and y are not linked.
We define N(x) and N(y) as a set of neighbors of nodes x and
¥, respectively. Then, common neighbors of node x and node y
are given by the intersection of the two sets:

common neighbors = N(x) N N(y) (5)

An alternative method for the link prediction is preferential
attachment, which is defined as the multiplication of the
number of neighbors of node x by the number of neighbors of
node y:

preferential attachment = N(x)N(y) (6)

Therefore, each possible link between any two nodes can be
characterized by the above characteristics. The link with the
highest score would be considered as the most probable link in
the complete network.

B RESULTS

Predicting Individual AMP Activity. In our analysis, the
predictions are minimum inhibitory concentration (MIC)
values of antimicrobial activity of AMPs against each bacterium
strain. We selected the strains for which training accuracy was
sufficiently high, specifically training data sets with R* values
above 0.8 and significant p-values < 0.01 (Figure 4). We

60

= Fitting ¢
¢+ Data $

predicted value

20 40 60
actual value

Figure 4. Collaborative filtering prediction validation for individual
AMP antimicrobial activity training data: scatterplot of 95 actual vs
predicted values, training subset for model validation, with the line of
best fit, R* = 0.82 and p = 8.24 X 107%. The fitted regression equation
is R@predicted) — gRlactual) o | The estimated fitting parameters are a =
0.83 and b = 2.54.

evaluated the corresponding test data sets for these strains to
estimate model performance and found comparable accuracy
to the training data sets, R* = 0.82 and p = 8.24 X 107 (see
Figure 5).

However, Tables S1 and S2, which show bacteria-strain-
specific training and test accuracy, indicate that while for most
strains test accuracy was comparable or greater than training
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Figure S. Collaborative filtering prediction validation for the
individual AMP antimicrobial activity test set: scatterplot of 29 actual
vs predicted values with the line of best fit, R* = 0.81 and p = 3.52 X
107", The fitted regression equation is Ripredicted)  gRlactual) 4} The
estimated fitting parameters are a = 0.76 and b = 2.0.

accuracy, for Escherichia coli ATCC 25922 del-waaE and
Listeria ivanovii CIP 12510 test accuracy was significantly lower
than training accuracy and the test prediction accuracy was
poor (R* = 0.0 and 0.5, respectively). It is unclear why for
these strains predictive accuracy was lower, but notably, for the
strains with training R* > 0.9, test accuracy was equally high or
higher, so it is likely that a higher threshold of R* for training
accuracy is required for reliable test accuracy. Moreover, the
test accuracy could be more reliable with larger test data sizes.

B DISCUSSION

Using the method of nearest-neighbor collaborative filtering,
we predicted the antimicrobial activity, quantified in the MIC
values, for bacteria in response to individual AMPs. The high
predictive accuracy of the approach was shown in terms of the
coefficient R*. NBCF can be used as a data-augmentation step
before performing feature selection, which can specify which
features of AMPs lead to efficacy against different bacteria.
Thus, the model can provide important physical-chemical
insights into the mechanisms of AMPs, particularly the ability
of AMPs to effectively inhibit the growth of multiple
pathogens. Identifying specific AMPs that can kill the given
bacteria can help to understand what properties are critically
important for this to occur.

AMPs are a diverse group of molecules that may target more
than one bacterium effectively. They have been shown to be
effective against a variety of pathogens and even against some
diseases, including diabetes® and cancer.”® Because some
AMPs in the data sets that we utilized in our analysis show this
multitargeting ability and others do not, the bacteria-based
collaborative filtering may have shown high predictive accuracy
for some bacteria but not for others. Predictions will be more
accurate for items in which nearest neighbors continue to have
similar response patterns; however, for some AMPs, the
response patterns of two bacteria might diverge. For example,
Table S2 for individual AMP collaborative filtering results for
the test data set showed that the predictive accuracy was not
equally high across bacteria with similar nearest neighbors,
potentially because for some AMPs predictions were less
accurate. Collaborative filtering is data-dependent, and thus,

https://doi.org/10.1021/acs.jcim.3c00137
J. Chem. Inf. Model. 2023, 63, 3697—3704


https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00137/suppl_file/ci3c00137_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.3c00137/suppl_file/ci3c00137_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00137?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00137?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00137?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00137?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00137?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00137?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00137?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.3c00137?fig=fig5&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.3c00137?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

the predictions will be more reliable and accurate for larger and
more homogeneous data sets. In the current study, the bacteria
with a greater number of data points for the calculations of R*
are likely to have more reliable estimates, and we recommend
that these predictions be tested first experimentally.

Nonetheless, NBCF may not necessarily select the nearest
neighbors according to the structural similarity but rather by
the functional similarity, specifically in response to AMPs. Two
bacteria might be very different from a structural or
evolutionary point of view, but if their responses to a set of
AMPs are similar because the AMPs can target both, they will
be grouped by the NBCF as nearest neighbors. This might
present a problem for the accuracy of predictions because
AMPs are very diverse and may target multiple species of
bacteria or only one, and this might happen via different
microscopic mechanisms. To probe the validity of our
theoretical approach, it will be crucial to test our predictions
with the quantitative experimental measurements for the same
properties. The identification of effective AMP-antibiotic
combinations is particularly important because our approach
suggests that antibiotics that have been expensive to develop
can continue to be used in lower concentrations and with less
toxicity and side effects when combined with the proper
AMPs. Bacteria show reduced resistance to AMPs and AMP-
antibiotic combinations in contrast to antibiotic-antibiotic
combinations.' "’

The benefit of AMP-antibiotic combinations is that even if a
bacterium develops resistance to a certain combination, the
same antibiotic can be used together with a different type of
AMP, and the new combination may be effective with a lower
risk of the development of the resistance. Accordingly, we
utilized the link prediction method to identify potential
synergistic AMP-antibiotic pairs for the specific bacterial
species, E. coli. This method can be considered as a
complementary approach to the nearest-neighbor collaborative
filtering method since new combinations that are not yet
established in experiments can be predicted. For example, pairs
that have not yet been tested on any bacteria and thus have no
FIC values from which to predict the unknown FIC values can
be identified. While the bacterial-based collaborative filtering
can extend the results from one or more bacteria to predictions
for another bacterium, the link predictions can suggest new
combinations that are likely to be effective but have not yet
been tested on any bacteria. Moreover, if the collaborative
filtering cannot be used to make predictions for a certain
bacterium because there are no similar bacteria that can serve
as nearest neighbors in the data set, the link prediction still can
be used to make binary predictions (synergistic or not
synergistic) and can potentially predict new AMP-AMP
combinations and antibiotic-antibiotic combinations in addi-
tion to AMP-antibiotic combinations from a network that
contains only AMP-antibiotic edges. This method is especially
important because it allows us to analyze the synergistic
activities of AMP-antibiotic combinations for a specific
bacterium. However, the validity of the method remains to
be tested with experimental studies that measure synergy of the
suggested combinations.

It is important also to discuss the limitations of our study.
One of the biggest limitations is the size and the nature of the
data sets. Although collaborative filtering can be used to make
predictions about sparse data sets, excessive sparsity is an issue
for model evaluation, particularly when using the coefficient of
determination R’. Moreover, sufficient data is required to

perform cross-validation and robustly assess the model
performance. The nature of the data set may also pose an
issue. Because a small amount of data may be used,
collaborative filtering is sensitive to specific values of ratings,
which might be influenced by many factors. The MIC values
are subject to experimental error, as indicated by large ranges
reported in individual experiments, though we accounted for
this as best as possible by selecting data where there were
multiple MIC values reported with low variance. We also
selected data collected under the same experimental conditions
and considered each strain separately. The MIC measurements
may not be comparable within the same strain for
antimicrobial agents that are resistant, so future studies should
investigate collaborative filtering for predicting responses of
resistant antimicrobial agents. It is expected that link
prediction and the collaborative filtering will become more
relevant as more AMP-based drugs are tested on more bacteria,
particularly on similar and overlapping bacteria. Specifically, it
would be helpful for the same measure (e.g, FIC) to be
reported, although other measures have been also proposed for
AMP-antibiotic and AMP-AMP combinations tested in the
same bacteria.** Another limitation of our study is that we
applied the models in their most simplified forms. Based on the
demonstrated utility of the basic models for predicting AMP
antimicrobial activity, more advanced models can be
developed. For example, we can extract the latent features
from the recommendation systems using matrix factorization."’
It would be also crucial to analyze the role of the evolutionary
relationship among bacteria in predicting the antimicrobial
activity. In this case, one can represent the bacterial similarity
by the phylogenetic distance.”” We are planning to investigate
all these possibilities in future studies.
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