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Abstract: Microorganisms are ubiquitous and have far-reaching effects on human life. Since their discovery in the 19th century, microor-
ganisms have fascinated biologists. Microbes play a crucial role in the material and elemental cycles of the natural world. Growing own
microbes for research purposes requires a significant time and financial investment. On the other hand, high-throughput sequencing
technology cannot advance at the same clip as the culture method. The area of microbiology has made substantial use of machine learning
(ML) methods to tackle this problem.

Classification and prediction have emerged as key avenues for advancing microbial community research in computational biology.
This research compares the advantages and disadvantages of using different algorithmic approaches in four subfields of microbiology
(pathogen and epidemiology; microbial ecology; drug development; microbiome and taxonomy).

1. Introduction. 2. Machine learning. 2.1. Supervised learning. 2.2. Unsupervised learning. 2.3. Deep learning. 2.4. Reinforcement learn-
ing. 3. Evaluation criteria and algorithmic vorkflows. 4. Classification and prediction. 4.1. Prediction of microbial species. 4.2. Prediction
of Environmental and Host Phenotypes. 4.3. Using Microbial Communities to Predict Disease. 5. Interaction and association in microbio-

logy. 5.1. Interaction between Microorganisms. 5.2. Microbiome-Disease Association. 6. Conclusion.

Keywords: Identification and classification, machine learning, microbial community

1. Introduction

The first known microorganisms appeared on Earth
roughly 3.5 billion years ago [54]. Microorganisms
include bacteria, viruses, fungi, microscopic protozoa
and algae. These organisms [44] have both good and
bad applications: they are used in food production,
medicine [60, 91], agriculture [52, 73], industry [64],
and environmental protection [11, 93].

Recent trends in microbiology research have
included community classification and its relation-
ship to the environment [11, 93], regulation of host-
microbiome interactions and the gut microbiome [33,
49, 66, 79], and attempts to conflate the microbiome
with genome engineering, molecular modification,
ecology, resource utilisation, biocatalysis, synthesis,
pharmaceutical vaccine development, and pathogenic
bacteria. Combining microbiology with multiomics
(genomes, epigenomics, transcriptomics, proteomics,

and metabolomics) has also given rise to a number of
multi-scale new areas [8, 46].

Recent breakthroughs in microbial sequencing
have made the microbiome study increasingly popular.
High-throughput sequencing methods have allowed to
generate a huge body of microbiological data. Machine-
learning techniques have been slowly incorporated into
microbial investigations [30, 31, 59, 81-83, 88, 95]
due to the high cost and lengthy nature of traditional
methods involving microscopes and biological cultures.
With the advent of the Big Data era, researchers’ most
pressing concerns have shifted to include questions
such as how to rapidly and effectively filter/condense
this exponential growth of information to obtain gener-
alised quality data and how to transform the enormous
amounts of microbiota data into knowledge that is
easily understood and visualised.

McCarthy first proposed Al at the Dartmouth
Conference in the summer of 1956. Emulating human

* Corresponding Author: Alok Bharadwaj, Department of Biotechnology, GLA University, NH2 Mathura-Delhi Highway, Chaumuhan,

Mathura- 281406, Indie; e-mail: alok.bhardwaj@gla.ac.in
© 2023 Alok Bharadwaj, etal.

This is an open access article licensed under the Creative Commons Attribution-NonCommercial-NoDerivs License

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Cite as:

Utility of Machine Learning technology in microbial identification: a critical review, Alok Bharadwaj, etal., Advancements Microbiol.,

2023, 62, 2, 65-74, DOI: 10.2478/am-2023-0006



66 ALOK BHARADWAJ, MANSI GUPTA, AKANKSHA SHAKYA

Artificial Intelligence

Machine Learning

Supervised
Learning

Unsupervised
Learning

Deep

Learning

Reinforcement Learning

Fig. 1. The relationship among Artificial Intelligence, Machine Learning and Deep Learning

intellect expansions is a primary goal of artificial
intelligence (AI), along with studying and improving
related theoretical frameworks, methodological tools,
and system architectures. The advent of Al has sped up
the development of microbiology and brought about
a paradigm shift in the field as a whole [6]. With the
use of big data, automation, modelling, and Al, the
study of microbiology has expanded into new areas,
such as systems biomedicine and systems ecology.

In 1959 (Bell Labs, IBM, Stanford), Arthur Samuel
proposed the concept of machine learning (ML) with
the intention of extracting features from large data-
sets with varying structures. The simplest approach is
using algorithms to analyse data, automatically assess
patterns, and base predictions and decisions on those
evaluations [34]. Systematically presenting interactions
between microflora and hosts using machine learning
is made possible by multiomics integration, cross-scale
microbial community integration, and multiomics inte-
gration with complex microbial communities.

Deep learning (DL) is a game-changing machine
learning strategy that models high-level abstractions
of data with parametric models learned via gradient
descent across several layers of processing units in
a deep network [41]. DL is a technology for machine
learning (ML), which is used to implement AI (Fig. 1).

2. Machine learning

To develop ML algorithms, four steps must be taken
[57]. Features extraction is the initial step in the ML
methodology [47]. The operational classification units
(OTU) table can be generated using clustering. Then,
we pick the most important parts to help us be more

precise and productive. After a model is trained using
a training dataset, it is evaluated using a test set. An
overview of the process is shown in Figure 2.
Machine learning (ML), or learning from unstruc-
tured data, is a necessary capability for every Al system.
To derive insights from raw data, ML algorithms are fed

Dataset

l

Feature Extraction Method

Choose the Best Feature
Set

Training Dataset

Cross Validation

A4
Build a Model

Machine Learning method

h 4

Final Machine Learning
Model

Fig. 2. Various stages of Machine Learning employed
in Microbiology
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features derived from carefully crafted pattern recog-
nition methods. The earliest known machine learning
algorithms were developed in the early 20th century,
and numerous established methods have been devel-
oped since then (Figure 2). Reinforcement learning,
supervised learning, unsupervised learning, and DL
are the four classic algorithms covered here (RL).

2.1. Supervised learning

In statistics, supervised learning approaches include
regression analysis and classification. These methods
utilise training sets comprised of examples drawn from
well-established categories to instruct models. Before
machine learning (ML) was conceived of, Fisher (1936)
developed the supervised data dimensionality reduc-
tion technique linear discriminant analysis (LDA) [23].
With its ability to handle a wide variety of classification
tasks and its suitability for incremental training, the
naive Bayes (NB) model is a strong contender for small-
scale data analysis. It is easy to use, and the categorisa-
tion accuracy remains stable over time [94].

Because of this, the accuracy of the final conclusion
depends on the form the input data are given in. Logistic
regression (LR) features a simple model, good parameter
interpretability, and is fast and easy to use in situations
involving large amounts of data, all of which contrib-
ute to its ability to forecast the likelihood that a sample
will be a positive sample. The year 1980 is a watershed
moment in the development of machine learning algo-
rithms, which up until that time had followed a more
diffuse and haphazard path of enlightenment-inspired
algorithms. Due to its fast calculation, high accuracy,
and high interpretability in the 1980s and 1990s, deci-
sion trees (DT) are still utilised in some issues today;
nevertheless, their trait of easy overfitting makes it sim-
ple to ignore the importance of attributes in the data-
set. Among the most common DT implementations are
ID3 [61], CART [89], and C4.5 [62]. On the 1990s, we
saw the development of two widely used algorithms:
the support vector machine (SVM), which is grounded
in statistical learning theory, and AdaBoost [16, 25].
The latter (SVM) solves nonlinear classification prob-
lems with simple classification principles (maximising
the interval between samples and decision surfaces)
using kernel functions that can be mapped to a high-
dimensional space; however, this method is challeng-
ing to solve the multiclassification problem, sensitive
to missing data, and thus difficult to achieve large-scale
training samples. The latter (AdaBoost) can combine the
use of simple weak classifiers and significantly enhance
learning accuracy whether the data are synthetic or real;
nevertheless, it is vulnerable to noise interference and
requires a lengthy training period. There is also no need
for familiarity with feature filtering or weak classifiers.

2.2. Unsupervised learning

When learning from fresh data, unsupervised learn-
ing is a method used to search for recognisable patterns
in the original data. Two schools of thinking in research
are clustering and dimensionality reduction. A num-
ber of early implementations of hierarchical clustering,
such as SLINK [71] and CLINK [17], are still in use
today. The expectation-maximisation (EM) method is
frequently used to master the variational inference of
latent-dirichlet-affiliation (LDA) topic models, Gauss-
ian mixture model (GMM) parameters, and hidden-
Markov model (HMM) hidden-state variables. It has
been used to solve numerous missing data extreme
likelihood estimation problems in machine learning
(HMM). Mean shift [15, 3], the density-based spatial
clustering of applications with noise (DBSCAN) tech-
nique, and the ordering points to identify the cluster-
ing structure (OPTICS) algorithm are all examples of
density-based clustering methods developed in the
1990s. A novel approach to clustering was introduced
at the turn of the century, which involved recasting the
clustering problem as a graph cutting problem. The pro-
totypical method for this novel idea is called spectral
clustering. Some of the advantages of using the classic
PCA approach include the fact that it has no param-
eter limitations, can remove data redundancy and noise,
reduces dataset size through compression and preproc-
essing, and yields findings that are straightforward to
interpret. For quite some time, there has existed a data
dimension reduction technique [58]. There have been
many nonlinear techniques developed since then [9,
28, 65, 78], such as locally linear embedding (LLE),
Laplacianeigenmaps, locality-preserving projections,
and isometric mapping. Then, t-distributed stochastic
neighbour embedding (t-SNE) [80] was created. For
the most part, this nonlinear method is preferred for
showing and comprehending high-dimensional data
since it provides the best visualisation result compared
to other dimensionality reduction algorithms. Despite
its slow development and lack of substantial improve-
ments, unsupervised learning has occupied a large role
in human and animal learning and is a vital avenue to
explore potent artificial intelligence.

2.3. Deep learning

Deep learning, in contrast to conventional ML, is
multidimensional and intends to capture all associa-
tions present in the raw data. DL can be broken down
into supervised, unsupervised, and hybrid models
depending on whether or not labelled data is required.
The term “hybrid model” is commonly used to describe
the practise of incorporating the results of an unsuper-
vised model into the training process of a supervised
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model. The technological precursor and basis of DL
is artificial neural networks (ANNSs). The ancestor of
ANN, the Perceptron model, was first proposed in 1958
(Rosenblatt, 1958), but it was not practical because it
was extremely simplistic and could only be used for
linear classification tasks (it couldn’t even deal with the
XOR problem). Therefore, it is of little practical value,
but rather serves to lay the ideological framework
for subsequent algorithms. Until the 1980s, progress
in the study of neural networks slowed significantly.
Consider the back propagation (BP) method [67] for
training sigmoid-functioned multilayer neural net-
works and multilayer perceptrons. Long short-term
memory (LSTM) and convolutional neural networks
(CNN) were developed and are still widely employed
to address vision issues. However, “gradient disappear-
ance” [42] becomes a problem for the BP approach as
the scale of the neural network increases. One of them
is LeNet-5 [43]. For most deep convolutional neural
networks, it has become the gold standard (DCNNG).
Prior to Hinton and Salakhutdinov’s (2006) introduc-
tion of the concept of DL, the problem of “gradient
disappearance” had already been handled; the method
had been taught layer by layer by unsupervised learn-
ing, and then tuned via a supervised back-propaga-
tion methodology [29]. Hinton and his student Alex
Krizhevsky won the ImageNet competition using
AlexNet [72], an early example of the deep learning
technique that is currently popular. A self-attention
mechanism [19] is at the heart of the transformer net-
work structure developed by Devlin et al (2019). using
the bidirectional encoder representation from trans-
formers (BERT) model. Because of its flexibility, natural
language processing (NLP) excels at a wide variety of
jobs. DL is essentially a developing statistical technique
having benefits and downsides in the areas of speech
recognition, NLP, and CV.

2.4. Reinforcement Learning

Reinforcement learning is a special category of
machine learning algorithms in which learning from
experience is a central tenet [37, 35]. This technique,
known as “automatic scoring and escalation,” involves
continuously determining, based on interactions, if an
activity is related to the objective, producing rewards
or penalties accordingly, and repeatedly carrying it out
in order to finally maximise the predicted advantages.
One active area of study, deep reinforcement learning
(DRL) uses deep learning’s strengths in perception and
decision-making to provide programmers complete
command over an algorithm’s behaviour from input
to output. It’s useful in fields like as healthcare, NLP,
linguistics, and medical robotics [21, 24, 39, 50].

3. Evaluation criteria and algorithmic workflows

There is no “best” algorithm because they all have
their own advantages and disadvantages. In reality, all
that computers do is make people more productive by
making decisions for them. In light of this, it is prefer-
able to select the most applicable model rather than
the one with the most bells and whistles. There are four
considerations to make when weighing the advantages
of machine learning algorithms [27]. 1) Accuracy,
which is the single most important criterion by which
an algorithm should be judged. (2) The algorithm’s
fault tolerance refers to its ability to detect and correct
for incorrect data. (3) It is far faster to debug, adapt,
and expand on algorithms that are well-documented and
easy to understand. (4) Time and space complexity refer
to the amount of processing power and storage space
required to execute the algorithm.

The following five procedures in Figure 3 can com-
monly be followed when using machine learning (ML)
as a technical tool to tackle scientific challenges [27].

First, you need to recognise the problem, collect and
process your data, and pick an evaluation method. The
data was split up into three sets: training, validation,
and test. The prototype’s capacity to utilise the train-
ing data should be successively evaluated using the
validation set, test set, and training set, all of which
are related to the data samples that were used to create
the prototype.

Construct the prototype with reconciling the dichot-
omy between optimisation and generalisation in such
a way that are more optimised than the benchmark.
By optimising generalisation abilities, the boundary
between underfitting and overfitting can be established.

Validate the prototypes. Prototypes having effective
statistical significance required to be scaled up first.
Then with the help of overfitting threshold check the
training losses and validation losses.

Testing of prototypes. Here the aim is to evaluate the
prototype’s predictive power employing entirely fresh
data rather than validating the data.

Modifying the protype by enhancing the algorithm
with additional features, new characteristics, or fine-
tuned parameters. The previous steps are continuously
repeated, until the desired performance is attained.
With the aid of model regularisation and tuning of
hyperparameters prototype performance can be checked
through validation set.

4. Classification and prediction
Here, we give a brief introduction to MLs poten-

tial applications in the field of microbiology. We focus
on classification and an interaction problem because
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Fig. 3. Outline of present study

they are two of the most common applications of ML.
Figure 3 displays the document’s overall structure.

4.1. Prediction of microbial species

Bacteria and archaea fall under the category of
prokaryotes, while eukaryotes, which include fungi
and single-celled algae, are the other major grouping of
microorganisms based on cellular form [84, 55]. There
are primarily two approaches of identifying microor-
ganisms. It is important to determine the microbe’s
domain, kingdom, phylum, class, order, family, genus,
and species while trying to identify it. Species classifi-
cation of a hitherto unrecognised microbial species is
another objective. In order to classify different kinds of
microorganisms, [53] researchers employed IDTAX A’s
LearnTaxa and IdTaxa tools.

These features are available thanks to the DECI-
PHER R package, which is part of the Bioconductor and
released under the GPLv3 licence. DECIPHER offers
resources for processing and making sense of high-
throughput genomic data. Isolating and identifying
individual microbial genomes from complex metagen-
omics collections is an important skill. Currently, the
typical task of categorising prokaryotic and host organ-
isms from mixed samples is often accomplished using
genome-based similarity algorithms. There have been
many subsequent attempts to find more precise meth-
ods of distinguishing amongst bacteria. In the field of

metagenomics, Amgarten etal. (2018). ‘s MARVEL pro-
gramme is a helpful tool for predicting double-stranded
DNA bacteriophage sequences [1]. MARVEL employs
the RF technique, with 1,247 phage and 1,029 bacterial
genomes serving as training data, and 335 bacterial and
177 phage genomes serving as test data. The authors
presented six properties to aid in phage identification;
however, feature selection using random forests revealed
that just three variables were particularly informative.

Those methods are used to classify microorgan-
isms in granular detail, fulfilling a wide range of needs.
Murali et al. (2018) have proposed a method for stud-
ying the classification of microorganisms [53]. As an
added bonus, MARVEL, VirSort, and VirFinder can
all tell the difference between various microbial spe-
cies. While all three methods had comparable speci-
ficity, MARVEL had the highest recall (sensitivity) [1]
according to the research conducted by Amgarten et al.
To execute the aforementioned steps, we have amassed
the materials shown in Table I.

Table I
Web links of Microbiome - Disease Association
Studies Availability of data and materials
Zhou etal. https://www.nature.com/articles/
ncomms5212#supplementary.information
KATZHMDA | http://dwz.cn/40X5mS
BMCMDA https://github.com/JustinShi2016/ISBRA2017




70 ALOK BHARADWA]J, MANSI GUPTA, AKANKSHA SHAKYA

4.2. Prediction of environmental and host phenotypes

High-throughput sequencing and next-generation
DNA technology have opened up previously unknown
area for microbial researchers in recent years. Disease
outbreaks and precision medicine can both benefit
from research into the interactions between microbial
populations, phenotypes, and ecological environments
[5]. It is well established that parasitic bacteria do exist,
and that both environmental conditions and host cells
play critical roles in defining the precise make-up of
any given microbiome. As a result of differences in food
supply and environmental conditions, various micro-
bial communities emerge [51]. A deeper understanding
of both the surroundings and the host is provided here
for the benefit of both parties. There has been a rise
in study in recent years into the potential of microor-
ganisms to foretell host and environment traits. In this
article, we offer a survey of research along these lines.

To do this, Asgari etal. (2018) used a shallow sub-
sample representation based on k-mer and deep learn-
ing, random forests, and support vector machines
[4] to predict environmental and host features from
16S rRNA gene sequencing. OTU was found to be infe-
rior to a shallow subsample representation based on
k-mer in terms of both recognising a person’s physical
location and producing accurate predictions for Crohn’s
illness. Furthermore, deep learning beats RF and SVM
on huge datasets. This method may help improve effi-
ciency and prevent the risk of overfitting.

Statnikov etal. (2013) developed the following data
processing pipeline with OTUs as input features [75].
After sequencing the original DNA, the authors removed
any traces of human DNA so that they could utilise the
data to construct operational taxonomic units (OTUs).
Thereafter, the total number of sequences present inside
each OTU was counted. The authors utilised numerous
probabilistic neural networks, such as support vector
machines, kernel ridge regression, regularised logistic
regression, Bayesian logistic regression, the KNN tech-
nique, the RF method, and others. The group studied
18 unique ML methods. They also used five separate fea-
ture extraction methods. The results showed that the RE,
SVM, kernel-regression, and Bayesian logic with Lapla-
cian prior regression produced the best outcomes. In
forensics, it is crucial to have an accurate time of death
estimate. After using KNN regression to datasets with
ear and nose samples, Johnson et al. (2016) were able to
estimate the time of death. According to these findings,
the skin's microbiota may be a useful tool for identifying
the cause of death [32]. Because microbes tend to live in
certain niches, we can learn more about their surround-
ings and their hosts. The existence of microbes can also
tell us about the health of the surrounding environment
and the host’s prospects of survival.

4.3. Using microbial communities to predict disease

Both health and illness are significantly impacted
by the microbiota [10]. Inhabitants of the human body
include a wide variety of microorganisms. Illness
develops when the human body’s microbiome shifts
out of whack or when foreign microorganisms invade.
Modifications to the microbiota of the intestines [45]
and the lungs [70] have both been linked to obesity.
It is difficult to pinpoint the offending microorgan-
isms in a microbial community as the root of an ill-
ness. Recent studies have examined the possibility that
microbiome communities can serve as predictors [26]
for a variety of disorders, including bacterial vagino-
sis [74, 18] and inflammatory bowel disease (IBD).
An understanding of the microbiome is essential for
making informed decisions about how to diagnose and
treat disease.

Progression of bacterial vaginosis has been linked to
the vaginal microbiome (BV). Beck and Foster (2014)
employed the genetic algorithm (GP), RE and logistic
regression (LR) [7] to classify BV based on its microbial
populations. Two criteria for BV [56, 63, 77] are the
Nugent score, which relies on counting gram-positive
cells, and the Amsel standard, which considers the
discharge, smell, clue cells, and pH [2]. The approach
taken in this article begins with dividing BV into sub-
types based on vaginal microbiota and associated envi-
ronmental factors, and then

In a different study [86], the author primarily aimed
to predict inflammatory bowel disease. The intestinal
mucosa and lumen of people with Crohn’s disease and
ulcerative colitis were compared to those of healthy
individuals in that study. The Relief technique [38] was
used for feature selection, and Metastats [85] was used
for differential feature identification. Finally, the author
used KNN and SVM classifiers to examine illness and
site specificity.

5. Interaction and association in microbiology
5.1. Interaction between microorganisms

Because of the diversity of interactions among its
members, microbial communities in biomes exhibit
complicated collective behaviour. These interactions
include metabolic exchange, signalling and quorum
sensing, and the reduction or eradication of growth
[40, 20]. Understanding the activities of natural eco-
systems and the development of artificial coalitions
requires an understanding of the interspecific inter-
actions within microbial communities [48]. To better
deduce the missing edges in the network and establish
the connection [20], DiMucci etal. (2018) demon-
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strated a possible link between the microbial interaction
network and the level of identifying characteristics of
individual bacteria.

Chang etal. (2017) employed the random for-
est technique to forecast productivity in light of soil
microorganisms [12], as it is possible that microbial
interactions in the soil have an impact on crop yields.
Variations in the soil microbiome were linked to
enhancements in agricultural yields. There are examples
of both cooperative and competitive interactions within
any given population of microorganisms. Microbes can
have any of eight different kinds of relationships with
one another: neutral, commensal, synergistic, mutual-
istic, competitive, amenable, parasitic, and predatory.

An in-depth knowledge of the dynamics at play
between various microbial communities is useful for
both the research of microbial species and the applica-
tion of microorganisms. However, despite its signifi-
cance, there has been a dearth of ML research in this area.

5.2. Microbiome-disease association

The diverse population of microorganisms that call
our bodies home play an essential role in maintaining
our health. Inflammatory bowel diseases [13], like ulcer-
ative colitis, colorectal cancer, atherosclerosis, diabetes,
and obesity, have been linked to microbial imbalances
in the gut. Understanding the relationship between
microbes and disease is important because it helps doc-
tors better diagnose and treat human illness [22, 69, 76,
90, 92]. However, there have been very few studies that
have attempted to predict the microbe-disease relation-
ship. For this reason, in this section, we present an intro-
duction of how ML can be used to explore connections
between microorganisms and health issues.

Through the combination of many data sets from
the human microbe-disease consortium (MDPH
HMDA) and path-based HeteSim scores [22], Fan et al.
(2019) suggested a novel method for investigating the
microbial-disease connection. In the beginning, het-
erogeneity networks were constructed. HeteSim scores
were aggregated from the microbe-disease-microbe and
microbe-disease-microbe pathways, and microbe-dis-
ease pairs were weighted in accordance with standard
HeteSim measuring practise. We eventually settled on
a strategy for totaling up the supposed strength of con-
nections between individual microgenome areas. Katz
introduced a network-based measurement technique
he termed KATZ [36] to address the issue of link pre-
diction. This method computes the degree to which
nodes in a heterogeneous network are connected to one
another. The KATZ technique has been implemented in
many different settings, such as disease-gene associa-
tion prediction [87] and IncRNA-disease association
prediction [14]. To forecast links between the human

microbiota and chronic diseases, a novel KATZ-based
method was presented (named KATZHMDA). In the
first step, the KATZHMDA uses previously recognised
associations between microorganisms and diseases to
construct an adjacency matrix A.

In order to solve this problem, the BMCMDA
method was presented [68]; it is predicated on the full
filling of binary matrices. The BMCMDA treats micro-
biome-disease association (MDA) matrices as though
they were incomplete because it assumes that they are
the result of a parameterisation and a noise matrix.
In addition, the independent subscripts of the MDA
matrix are presumed to be valid under the binomial
model in the BMCMDA. In their comparisons, Shi et al.
(2018) employed the same dataset as HMDAD [68],
which included 292 microorganisms and 39 human
illnesses. From what we can see, BMCMDA outper-
forms KATZHMDA in terms of AUC. Furthermore,
this method can be used to different forms of forecast-
ing. Table I presents a summary of the currently avail-
able datasets and methods.

6. Conclusion

Microorganisms have an effect on their surround-
ing environment and the organisms that inhabit it, and
they are involved in a wide range of biological activities.
Human well-being, agricultural output, animal hus-
bandry, environmental regulation, chemical manufac-
ture, and food production all rely heavily on microor-
ganisms. Since the microscope was invented in the 19th
century, scientists have been able to observe and learn
about microscopic species not previously accessible to
the naked eye. However, the advent of high throughput
sequencing methods has led to a deluge of microbiolog-
ical information. Due to this, machine learning meth-
ods are now being used to the study of microbes. Here,
we will discuss the current applications of ML to the
microbiome. We discovered that ML is commonly used
in the research of classification and interaction prob-
lems in the realm of microbiology. Although significant
progress has been made in the field of microbiology,
there are still many obstacles that must be overcome
by interdisciplinary teams of researchers (including
biology, informatics and medicine). Recent advances
in link prediction and computational intelligence show
promise in clarifying the link between diseases and
microorganisms.
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Streszczenie: Wprowadzenie antybiotykéw do terapii stanowilo przefomowy moment w medycynie nie tylko ratujac miliony ludzi ale takze
zaowocowalo rozwojem wielu nowych dziedzin jak transplantologia, neonatologia, hematologia. Sukcesowi antybiotykéw towarzyszylo
juz od samego poczatku pojawianie si¢ bakteryjnych szczepdw o coraz szerszym profilu opornosci. Najwiekszym motorem powstawania
i szerzenia si¢ opornoéci jest naduzywanie i niewlasciwe stosowanie antybiotykéw zaréwno w medycynie, jak i w weterynarii, a takze
hodowli zwierzecej. Coraz czgéciej izolowane sa szczepy wielooporne, ekstremalnie oporne oraz oporne na wszystkie dostepne antybio-
tyki. Sg one identyfikowane wsrdd najczestszych czynnikéw etiologicznych zakazen u cztowieka. Jako przyktady szybkiej ewolucji opor-
nosci omoéwiono opornos¢ Staphylococcus aureus na najwazniejsze antybiotyki stosowane w leczeniu wywolywanych przez ten drobnoustrdj
infekgji, a takze pojawienie si¢ i rozprzestrzenianie paleczek Enterobacterales wytwarzajacych beta-laktamazy o rozszerzonym spektrum
substratowym (ESBLs). Przedstawiono dziatania po stronie UE i WHO zmierzajace do ograniczenia problemu opornosci na $wiecie.

Wstep. 2. Rys historyczny. 3. Antybiotykooporno$¢ wybrane przyklady: S. aureus, p-laktamazy o rozszerzonym spektrum substratowym
(ESBLSs). 4. Przyczyny powstawania i szerzenia si¢ antybiotykoodpornosci. 5. Konsekwencje antybiotykoopornosci. 6. Dzialania niezb¢dne
do ograniczenia powstawania i rozprzestrzeniania si¢ bakterii opornych na antybiotyki. 7. Wnioski. 8. Pismiennictwo

ANTIBIOTIC RESISTANCE - WHERE ARE WE GOING?

Abstract: Introduction of antibiotics into clinical practice is considered as a turning point in medicine resulting in saving millions of lives
and allowing for the development of new fields of medicine such as transplantology, neonatology, hematology and many others. From
the very beginning, this success was accompanied by the emergence of antibiotic resistant strains with its continuous rise. Overuse and
misuse of antibiotics in medicine, veterinary practice and animal and plant production are the main reasons the resistance has emerged.
Presently, an increase in isolation of multidrug resistant (MDR), excessively resistant (XDR) and pandrug resistant (PDR) bacteria is being
observed worldwide in the most common human etiologic bacterial agents . As examples of rapid evolution of resistance, S. aureus and
Enterobacterales producing extended-spectrum beta-lactamases are presented. Some initiatives of WHO and EU aiming to tackle anti-
biotic resistance are also discussed.

1. Introduction. 2. Historical overview. 3. Antibiotic resistance - selected examples: S. aureus, extended- spectrum p-lactamases (ESBLs).
4. Causes of emergence and of antibiotic resistance spread. 5. Consequences of antibiotic resistance. 6. Action needed to reduce the emer-
gence and spread of antibiotic-resistant bacteria. 7. Conclusions. 8. References

Stowa kluczowe: antybiotyki, antybiotykoopornos¢, przyczyny i konsekwencje

Keywords:

antibiotics, antibiotic resistance, causes and consequences

1. Wstep

Po 80. latach stosowania antybiotykéw, antybiotyko-
oporno$¢ stala si¢ jednym z najwigkszych zagrozen
dla zdrowia publicznego i przybrala charakter pan-
demii, dynamicznie rozwijajacej si¢ w cieniu pande-
mii COVID-19. Dane KORLD (Krajowego Osrodka

Referencyjnego ds. Lekowrazliwo$ci Drobnoustrojow)
wskazujg na 20% wzrost udzialu w zakazeniach pate-
czek Enterobacterales wytwarzajacych karbapenemazy
[17]. Znaczacy wzrost w zakazeniach wieloopornych
patogenow w trakcie pandemii COVID-19 zarejestro-
wala takze amerykanska agencja CDC (ang. Centers
for Diseases Control and Prevention). Wykazano 15%
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wzrost $miertelnosci z powodu zakazen bakteriami
wieloopornymi. Naduzywanie antybiotykéw odnoto-
wano juz w pierwszym roku pandemii, w ktérym ponad
80% pacjentow z COVID-19 je otrzymalo, zas wska-
zania dotyczyly mniej niz 15%. Odnotowano wzrost
o 78% zakazen powodowanych przez Acinetobacter
baumanii z opornoscia na karbapenemy, o 35% przez
Enterobacterales z opornoscia na karbapenemy i o 32%
z ESBLs (ang. extended-spectrum B-lactamases), takze
wzrost 0 32% zakazen powodowanych przez Pseudomo-
nas aeruginosa z wieloopornoscia, o 14% powodowa-
nych przez enterokoki z opornoscig na wankomycyne
i 0 13% przez MRSA (ang. Methicillin Resistant Sta-
phylococcus aureus) [8].

2. Rys historyczny

Antagonistyczne dziatania pomiedzy plesniami i bak-
teriami zaobserwowal w koncu XIX wieku francuski
uczony Ernest Duchene, jednak odkrycie to przeszto
bez wigkszego echa. Aleksander Fleming potwierdzit te
obserwacje w r. 1928, pokazujac przeciwgronkowcowsa
aktywnos¢ substancji wydzielanej przez Penicillium nota-
tum (obecnie Penicillium chrysogenum) nazwanej penicy-
ling. Ten fakt najczesciej uznaje si¢ za poczatek ery anty-
biotykowej. Jednak penicylina, ktérg ten gatunek, a takze
wiele innych plesni wytwarza, staf sie lekiem wiele lat
pdzniej. W 1938 r. dzigki wspolnym pracom Fleminga
i dwoch wybitnych uczonych, farmakologa Howarda
Waltera Florey’a i biochemika Ernesta Borisa Chaina,
udalo si¢ wyizolowa¢ penicyling - zwigzek odpowie-
dzialny za aktywnos¢ przeciwbakteryjna wytwarzany
przez P notatum. Za to wspaniale osiagniecie Fleming,
Chain i Florey otrzymali w roku 1945 nagrode Nobla.

Kolejnym wyzwaniem dla nauki na drodze do
zastosowania penicyliny jako leku, bylo uzyskanie jej
na skale przemyslowa. Amerykanskie, a nastepnie
brytyjskie firmy farmaceutyczne wdrozyly produkcje
penicyliny na skale przemystowa , dzigki czemu stala sie
ona dostepna podczas II wojny Swiatowej, ratujac zycie
tysigcom ludzi dotknietych zakazeniami, najczesciej
gronkowcowymi i paciorkowcowym. Sukces penicyliny
w leczeniu zakazen byt tak wielki, ze dano jej przydo-
mek ,leku cudownego” (ang. miracle drug). Pézniej ten
przydomek stosowano do wszystkich antybiotykow.

Odkrycie penicyliny jako produktu metabolizmu
plesni zapoczatkowalo intensywne poszukiwania zwigz-
kéw naturalnych o dziataniu przeciwbakteryjnym i prze-
ciwgrzybiczym. Na uwage zastuguje wykrycie przez
Selmana Waksmana streptomycyny, pierwszego anty-
biotyku do leczenia gruzlicy, wytwarzanego przez Strep-
tomyces griseus. Otrzymal on za to odkrycie nagrode
Nobla w 1952r. Waksman wprowadzit takze nazwe
antybiotyk, oznaczajaca anti (przeciwko) bios (zycie).

Poszukiwania dalszych naturalnych produktéw drob-
noustrojow zaowocowalo wykryciem i wprowadzeniem
do terapii wielu antybiotykéw zaréwno o szerokim
spektrum dziatania, jak tetracykliny, chloramfenikol
i o waskim spektrum, jak makrolidy. Na uwage zastu-
guje wyizolowanie przez wloskiego uczonego Giuseppe
Brozu na Sardynii pierwszej cefalosporyny z Cephalospo-
rium acremonium (obecnie Acremonium), ktéra zapo-
czatkowala niezwykly rozwdj tej grupy antybiotykéw.

Ten ,,ztoty okres” antybiotykoterapii odnotowywat
spektakularne sukcesy. Znaczgco zmniejszyla sie $mier-
telnos¢ z powodu zakazen. Wg danych statystycznych
USA $miertelnos¢ z powodu najczestszych zakazen
bakteryjnych wyniosta w 1930r. 293693, a w 1952 .
93014. Przed wprowadzeniem penicyliny odsetek
$miertelnosci z powodu zakazen gronkowcowych byl
bardzo wysoki i wynosit 80%, z czego 70% z nich sta-
nowily zakazenia krwiopochodne. Rozpoczecie stoso-
wania penicyliny znaczgco obnizyto $miertelnos¢ z po-
wodu zakazen gronkowcowych.

Dzieki wprowadzeniu antybiotykéw nastapit rozwoj
wielu nowych specjalnosci medycznych, takich jak neo-
natologia, transplantologia, hematologia. Antybiotyki
znalazly zastosowanie nie tylko w leczeniu, ale takze
w profilaktyce zakazen. Ponadto, szybki rozwoj che-
mii umozliwit modyfikowanie naturalnych produktéw
drobnoustrojow, co umozliwito uzyskanie antybioty-
kow poétsyntetycznych o poszerzonym spektrum dziata-
nia, wyzszej aktywnosci i nizszej toksycznosci. Powstato
takze wiele zwigzkéw syntetycznych (np. chinolony,
linkozamidy), ktére dla uproszczenia takze nazywamy
antybiotykami.

Nizej opisano dwa arbitralnie wybrane przyklady
antybiotykoodpornosci drobnoustrojéw odpowiedzial -
nych za najczestsze zakazenia u ludzi.

3. Antybiotykoopornos¢ - wybrane przyklady

W $wietle sukcesu antybiotykoterapii nie zwracano
wystarczajacej uwagi na zjawisko, ktore odnotowywano
od samego poczatku, tj. pojawianie si¢ szczepéw opor-
nych na antybiotyki. W swoim wykladzie noblowskim
Fleming postulowal, ze niewlasciwe, nadmierne stoso-
wanie antybiotykdéw zaowocuje wzrostem liczby szcze-
pow opornych, co w przypadku opornosci S. aureus na
penicyline nastapilo juz na poczatku lat 40. [5].

Antybiotyki zaczeto masowo stosowac nie tylko
w medycynie, ale takze w weterynarii, hodowli zwie-
rzecej i roslinne;.

Staphylococcus aureus

Pierwsza wazng informacjg wskazujacg na szybkie
pojawienie si¢ opornosci drobnoustrojéw na antybiotyk
dostarczyly gronkowce zlociste [3]. W wyniku wytwa-
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rzania penicylinaz, B-laktamaz o waskim spektrum
dziatania w koncu lat 60. 80% szczepow tego gatunku
byto opornych na penicyline [5]. Sytuacja byta bardzo
powazna, bowiem gronkowce zlociste odpowiadaja
za szereg zakazen o cigzkim przebiegu, m.in.: skory
i tkanki podskornej, krwi, czy ptuc. Po zakazeniu moze
dochodzi¢ do rozsiewu bakterii droga krwi, prowa-
dzac do uogdlnienia zakazenia, zakazen ukladowych
lub tworzenia ropni wewnatrznarzadowych. W 1958 r.
w laboratoriach firmy Beecham, jako odpowiedZ na
coraz mniejszg skuteczno$¢ penicyliny w leczeniu
zakazen gronkowcowych, zwigzang z powszechnym
wytwarzaniem przez gronkowce penicylinaz, opra-
cowano metycyline, nowg polsyntetyczna penicyline
przeciwgronkowcowa, ktora wykazywata aktywnos¢
wobec szczepéw wytwarzajacych te enzymy. Zapoczat-
kowala ona wprowadzenie kolejnych potsyntetycznych
penicylin przeciwgronkowcowych, takich jak penicy-
liny izoksazolilowe (np. kloksacylina) i nafcylina.
Jednak juz w 1961 r. wyizolowano w Anglii pierwszy
szczep S. aureus oporny na metycyline MRSA, ktory
wykazywal oporno$¢ na wszystkie dostepne w tym
czasie antybiotyki 3-laktamowe [16], a takze na wiele
innych lekéw z niespokrewnionych grup terapeutycz-
nych. Pozostawaly one czesto wrazliwe jedynie na gli-
kopeptydy, tj. wankomycyne i teikoplanine. Opornosé
na metycyling nie ma charakteru enzymatycznego
i jest wynikiem nabycia genéw mecA, mecB lub mecC,
kodujacych odpowiednio nowe biatka wigzace penicy-
line (PBPs), takie jak PBP2’, PBP2b lub PBP2c odpo-
wiedzialne za ostatni etap syntezy $ciany komorkowej.
Aktywno$¢ tych bialek nie jest hamowana przez anty-
biotyki B-laktamowe, dlatego szczepy S. aureus z obec-
noscia wymienionych gendéw pozostaja oporne na
wszystkie antybiotyki tej grupy, z wyjatkiem niedawno
wprowadzonych cefalosporyn V generacji, takich jak
ceftobiprol i ceftarolina. Geny mecA i mecC sa zloka-
lizowane w chromosomie i stanowig czes¢ gronkow-
cowej kasety chromosomalnej SCCmec (ang. Staphy-
lococcal Cassette Chromosome mec), natomiast mecB
zlokalizowany jest na plazmidzie [12] w otoczeniu
gendw regulatorowych podobnych do mecR, mecl oraz
genéw warunkujacych opornos¢ na inne antybiotyki.
Gen mecA wystepuje w niespokrewnionych szczepach
gronkowcow izolowanych zaréwno od ludzi, jak i od
zwierzat [9]. Najczesciej wykazano klonalne (wraz ze
szczepem) rozprzestrzenienie mechanizmu opornosci
na metycyling za$ znacznie rzadziej ma miejsce hory-
zontalne przekazanie, genu mecA w kasecie SCCmec
szczepom MSSA (ang. Methicillin Susceptible S. aureus)
lub wrazliwym na metycyline gronkowcom koaglulazo-
-ujemnym, MSCNS (ang. Methicillin Sensitive Coagu-
lase Negative Stapylococci) [32, 33]. Zrédlem genéw
warunkujacych opornos¢ S. aureus na metycyling s
szczepy odzwierzece koagulazo-ujemnych gronkow-

cow i tak w przypadku mecA jest nim Staphylococcus
fleuretti, mecB Macrococcus caseolyticus, [12] mecC naj-
prawdopodobniej Staphylococcus stepanovici, Staphylo-
coccus xylosus i Staphylococcus sciuri, co jednak wymaga
dalszych badan [26]. Niedawno opisano obecno$¢ genu
mecD u Macrococcus caseolyticus izolowanego od krow
i psow, ktory warunkuje opornos¢ takze na nowe cefa-
losporyny V generacji [28]. Wydaje sie, ze jest tylko
kwestia czasu, kiedy mecD zostanie nabyty przez Sta-
phylococcus spp. i poszerzy jego spektrum opornosci.

Pojawienie si¢ szczepéw MRSA znaczaco ograni-
czylo mozliwosci skutecznej terapii zakazen gronkow-
cowych. Przez wiele lat w leczeniu pozostawala jedynie
wankomycyna i teikoplanina, ktérych zuzycie znaczaco
wzrosto. Doprowadzilo to do pojawienia si¢ szczepow
o zmniejszonej wrazliwoséci na te leki. Okazalo sie, ze
jest ono wynikiem kolejnych mutacji prowadzacych do
zmian w peptydoglikanie i pogrubienia $ciany komor-
kowej (wzmozona produkcja PBP2 i PBP2’), co skut-
kuje podwyzszonymi wartosciami MIC. Opisano dwa
fenotypy warunkujace $rednig wrazliwo$¢ na glikop-
peptydy: hVISA i VISA. Sg one trudne do wykrywania
w rutynowej diagnostyce mikrobiologicznej i czesto
prowadza do braku identyfikacji tej opornosci [13,
14, 32]. Opisano takze przeniesienie na plazmidzie
koniugacyjnym genu vanA od Enterococcus faecalis
do MRSA nadajac im wysoki poziom opornosci na
glikopeptydy [2]. Dobrg informacjg na chwile obecna
jest to, Ze szczepy te nie szerza si¢ epidemicznie. Tak
wiec pomimo niedawnego wprowadzenia kilku nowych
antybiotykow aktywnych wobec MRSA, takich jak
ceftarolina czy daptomycyna, problem skutecznego
leczenia zakazen gronkowcowych o ciezkim przebiegu
pozostaje prawdziwym wyzwaniem dla medycyny.

Poczatkowo uwazano, ze szczepy MRSA wywotuja
jedynie zakazenia szpitalne HA-MRSA (ang. Hospital-
Associated MRSA), ale w 1990 roku opisano serie przy-
padkow zakazen skory i tkanki podskérnej nabytych
poza szpitalem, ktére nie poddawaty si¢ standardo-
wemu leczeniu cefalosporynami I generacji. Okazalo
sie, ze zakazenia te zostaly wywolane przez niespo-
krewnione MRSA, najczeéciej z heterogennym typem
ekspresji opornosci na metycyling, tzw. CA-MRSA
(ang. Community-Associated MRSA). Wprawdzie
CA-MRSA czesto wykazuja wrazliwo$¢ na antybiotyki,
na ktére HA-MRSA s3 oporne, ale szereg z nich wytwa-
rza leukocydyne PVL (ang. Panton-Valentine Leucoci-
din), ktéra moze przyczyniac si¢ do cig¢zkiego przebiegu
zakazenia [32, 33].

Obecnie te dwie populacje mieszajg si¢ wymieniajac
geny opornoéci i obserwujemy ich szybkie rozprzestrze-
nianie, nie tylko w obrebie jednego szpitala czy kraju,
ale takze na skale miedzynarodows [32, 33]. Okazalo
sie, ze problem MRSA nie tylko dotyczy zakazen u czlo-
wieka. W 2005 r. opisano MRSA, wyizolowane od $win,
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a nastepnie innych zwierzat hodowlanych (krowy, konie,
droéb), nalezace do kompleksu klonalnego CC398 [34].
Mamy wiec do czynienia z nowym zrédlem wieloopor-
nych szczepdéw o powaznym znaczeniu ekonomicznym,
wplywajacym negatywnie na dobrostan zwierzat, a takze
stanowigcych rezerwuar zoonotycznych zakazen czlo-
wieka. Opublikowana ostatnio metaanaliza i przeglad
systematyczny wykazal dalsze szerzenie si¢ tej nowej
populacji odzwierzecych metycylinoopornych szczepow
MRSA, LA-MRSA (ang. Livestock-associated MRSA)
i to nie tylko u oséb bezposrednio zaangazowanych
w hodowle zwierzeca, ale takze w ogélnej populacji [6].

B-laktamazy o rozszerzonym spektrum substratowym,
ESBLs (extended-spectrum beta-lactamases)
Kolejnym przyktadem sukcesu drobnoustrojow, tym
razem paleczek Gram-ujemnych, w walce o przezycie
jest wytwarzanie -laktamaz o rozszerzonym spektrum
substratowym, tzw. ESBLs. Ich wystepowanie i szerokie
rozprzestrzenianie zbiega sie z wprowadzeniem do tera-
pii cefalosporyn III gen., tzw. oksyimino-cefalosporyn
(cefotaksym i ceftazydym) i ich bardzo szerokiego sto-
sowania. Enzymy te opisano w 1983 r. i od tego czasu
obserwujemy ich szybka ewolucje¢ i globalne rozprze-
strzenianie [11]. Obecnie szczegdlnie wazna role odgry-
wajg w szerzeniu si¢ tej opornosci pateczki Enterobacte-
rales, a przede wszystkim najszerzej rozprzestrzeniona
Escherichia coli odpowiedzialna za najczestsze zakazenia
u ludzi, ale takze izolowana od zwierzat hodowlanych,
dzikich i ze $rodowiska. Zgodnie z danymi uzyski-
wanymi w ramach Europejskiej Sieci Monitorowania
Lekowrazliwosci (EARS-Net), najczestszym producen-
tem ESBLs spo$rod patogendw cztowieka odpowiedzial-
nych za zakazenia tozyska krwi sg pateczki Klebsiella
pneumoniae. Polska nalezy do lideréw w tym obszarze,
bowiem ponad 50% izolatéw tego gatunku wytwarza
te enzymy [17]. Nalezy takze pamieta¢ o pateczkach
Salmonella, ktore odgrywaja istotng role w epidemio-
logii zakazen u zwierzat hodowlanych i stanowia wazny
rezerwuar genéw ESBLs w srodowisku. ESBLs nalezg
do B-laktamaz serynowych i zostaly zaklasyfikowane do
klasy A wg Amblera. Enterobacterales najczesciej wytwa-
rzaja TEM, SHV i CTM. Zidentyfikowano co najmniej
243 warianty TEM i 228 wariantéw SHV [7, 11]. Wytwa-
rzanie ESBLs stanowi ogromne ograniczenie w wyborze
skutecznej terapii, bowiem nadaje szczepom opornos¢
na wszystkie penicyliny oraz cefalosporyny od I-ej gene-
racji, do IV generacji (cefepim). Co wigcej szczepy
ESBL-dodatnie s3 zazwyczaj oporne na wiele innych
grup lekow, pozostajac niekiedy wrazliwe jedynie na
karbapenemy. Wprawdzie ESBLs moga by¢ hamowane
in vitro przez stare inhibitory, takie jak kwas klawula-
nowy, sulbaktam i tazobaktam, sg one obecnie klinicznie
rzadko skuteczne. Natomiast nowe inhibitory awibak-
tam, waborbaktam i relebaktam bedace w kombinacji

z dotychczasowymi antybiotykami takimi jak ceftazy-
dym, meropenem i imipenem/cylastatyna skutecznie
je hamuja. Wytwarzanie ESBLs stanowi takze powazny
problem epidemiologiczny bowiem geny je kodujace
zlokalizowane sg na ruchomych elementach genetycz-
nych, takich jak transpozony/plazmidy, co skutkuje ich
fatwym przekazywaniem nie tylko miedzy szczepami
w obrebie danego gatunku, ale takze miedzy gatunkami.
Nalezy podkredli¢, ze coraz czesciej w obrebie plazmidu
koniugujacego niosacego geny ESBL identyfikowane sg
geny warunkujace opornos$¢ na aminoglikozydy i fluoro-
chinolony, co czyni je wielolekoopornymi.

Rozprzestrzenianie genéw ESBLs jak i szczepdw je
niosgcych jest powszechne nie tylko wérdd pateczek
Enterobacterales, ale takze innych paleczek Gram-ujem-
nych izolowanych z zakazen od ludzi i zwierzat, w tym
takze dzikich, a takze z nosicielstwa i ze §rodowiska.
Podkresla sie role $ciekow, takze szpitalnych w roz-
przestrzenianiu sie szczepow antybiotykoopornych do
$rodowiska i dalszego ich szerzenia, a takze nabywania
przez dzikie zwierzeta [4, 19, 24].

Wprawdzie wytwarzanie ESBLs stanowi ze wzgledu
na rozmiar i znaczgco ograniczone mozliwosci skutecz-
nej terapii najpowazniejszy obecnie problem sposréd
mechanizméw opornosci paleczek Gram-ujemnych,
to pojawienie sie w 1996 r. K. pneumoniae wytwarza-
jacej karbapenemaze (KPC) a nastepnie metaloenzy-
mow (np. NDM), czy OXA-48 stato si¢ najwiekszym
z dotychczasowych wyzwan zaréwno dla diagnostyki,
terapii jak i kontroli zakazen, prowadzac do dalszego
zmniejszenia wyboréw terapeutycznych [18, 20].

4. Przyczyny powstawania i szerzenia si¢
antybiotykoopornosci

Opornos¢ na antybiotyki moze powstawac w wyniku
mutacji w genach chromosomalnych, lub zlokalizowa-
nych na elementach ruchomych, badz poprzez hory-
zontalny transfer determinant opornosci droga koniu-
gacji, transformacji, czy transdukcji. Proces ten ulega
znacznemu przyspieszeniu w obecnosci antybiotykow.
Dlatego naduzywanie i niewlasciwe stosowanie tej grupy
lekéw odgrywa kluczowg role w powstawaniu i szerze-
niu si¢ opornych szczepéw bakteryjnych. Stad niezwy-
kle wazne jest monitorowanie zuzycia antybiotykéw
zarébwno w medycynie, jak i w weterynarii i hodowli
zwierzecej. W UE zadanie to jest realizowane przez
dwie agencje: ECDC (ang. European Centre for Diseases
Conrol) i EFSA (ang. European Food Safety Agency).
Najbardziej efektywny jest horyzontalny przekaz genow
opornosci poprzez rdéznego rodzaju ruchome elementy
genetyczne jak plazmidy, transpozony. Tak szerzg sie, np.
ESBLs i karbapenemazy. Natomiast pneumokoki nabyty
geny opornoéci na 3-laktamy drogg transformacji gene-
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tycznej, pozyskujac je od paciorkowcdw z grupy viridans
(Streptococcus oralis) i wbudowujac je w geny kodujace
rézne biatka PBPs, co daje obraz ,gendéw mozaiko-
wych”. Natomiast wysoki poziom opornosci MRSA na
wankomycyne przekazany zostal drogg transdukeji od
Enterococcus faecalis [2]. Szczegdlnie niebezpieczna jest
oporno$¢ wérdd gatunkow bakterii wywolujacych naj-
czestsze zakazenia, takie jak wspomniane wyzej wywo-
tane przez S. aureus i paleczki Enterobacterales. Wazna
role w szerzeniu si¢ opornosci odgrywa epidemiologia
zakazen. Jesli spojrzymy na chorobotwdrczos¢ Neisse-
ria gonorrheae i wzrost izolacji szczepéw o charakterze
XDR a nawet PDR (patrz nizej), to wydaje si¢ trudne do
uwierzenia, ze bedzie trzeba rzezaczke leczy¢ w szpitalu
i coraz czgsciej nie moc jej wyleczy¢ [27].

Na $wiecie opisano rezerwuary opornych bakterii,
w tym opornych na antybiotyki ostatniej szansy, takie
jak karbapenemy czy kolistyna. Najlepszym przyktadem
rozleglego geograficznie rezerwuaru pateczek Enterobac-
terales wytwarzajacych karbapenemaze klasy B, zwang
NDM (New Delhi metalo-f-lactamase), sa Indie, kraje
Subkontynentu Indyjskiego, kraje Bliskiego Wschodu,
Afryki oraz Batkandw [20]. Nazwa tego niebezpiecznego
takze pod wzgledem epidemiologicznym mechanizmu
opornosci zwigzana jest z wykryciem go w 2008 r. po
raz pierwszy u Klebsiella pneumoniae i Escherichia coli
izolowanych od obywatela szwedzkiego, ktory powrdcit
do Sztokholmu po hospitalizacji w New Delhi [18]. Gen
bla,, kodujagcy NDM zlokalizowany na plazmidzie,
zostal znaleziony wsréd réznych gatunkow Enterobacte-
rales [34]. W Polsce, wg danych KORLD, NDM stanowi
najczesciej identyfikowang karbapenemaze u pateczek
Enterobacterales. W roku 2021 potwierdzono 3036 zaka-
zen wywolanych przez pateczki Enterobacterales, gtow-
nie Klebsiella pneumoniae, wytwarzajacych karbapene-
maze typu NDM, co oznacza ponad dwukrotny wzrost
w poréwnaniu z rokiem 2019 [17].

Zrédlem opornych na kolistyne pateczek Gram-
-ujemnych staly si¢ E.coli wyizolowane od drobiu
w Chinach niosgce gen mcr-1 na plazmidzie, ktore zys-
katy zasieg miedzynarodowy [21], a gen szybko ewo-
luuje. Obecnie znanych jest juz 8 wariantéw tego genu
[21]. E. coli z mcr-1 izolowano takze w Polsce [15] od
pacjentki z zakazeniem drég moczowych, ktéra nie
miala kontaktu z zakladem opieki zdrowotnej, ani nie
wyjezdzata za granice [13].

Szerzeniu opornoéci sprzyja takze niewystarczajace
wykorzystanie diagnostyki mikrobiologicznej w medy-
cynie, pozwalajacej na podejmowanie celowanej terapii
i interwencji w sytuacji pojawienia si¢ wieloopornych
bakterii. Brak restrykcyjnych programéw kontroli zaka-
zen i polityki antybiotykowej stanowi istotny problem
w ograniczaniu antybiotykoopornosci. Szerzeniu sie
opornych szczepéw sprzyja niski poziom higieny pro-
dukcji zwierzecej [38].

5. Konsekwencje antybiotykoopornosci

Konsekwencje narastajacej opornosci sa bardzo
szerokie. Szczegdlnie niepokojacy jest wzrost Smiertel-
nosci powodowany przez wielooporne patogeny bak-
teryjne ze wzgledu na coraz bardziej ograniczajacy sie
wybor skutecznych opcji terapeutycznych. Miedzy-
narodowe badanie przeprowadzone w 2019 poka-
zalo, ze z powodu zakazen wywotanych przez wielo-
oporne bakterie zmarto na $wiecie 4 950 000 (95% UI
3.62-6-57), w tym 1270 000 (95% UT 0-911-1-71) zgo-
néw bylo spowodowanych przez patogeny bakteryjne
oporne na wszystkie dostepne antybiotyki [1] MRSA
byt odpowiedzialny za ponad 100000 z nich a pozo-
state patogeny, tj. E. coli, K. pneumoniae, S. pneumoniae,
A. baumannii i P. aeruginosa od 50 000-100 000 kazdy
(929000 (660000-1270000). Raport przygotowany
pod kierownictwem wybitnego brytyjskiego ekonomi-
sty O'Neila przewiduje, ze w przypadku braku podjecia
wszechstronnych, restrykcyjnych dziatan ograniczajg-
cych powstawanie i szerzenie si¢ opornych bakterii,
w roku 2050 zginie z powodu zakazen przez nie wywo-
fanych nawet 10 mln 0sdb rocznie, co bedzie stanowito
wyzszg $miertelnos¢ niz z powodu nowotworéw. Kon-
sekwencje ekonomiczne tego zjawiska beda bardzo
powazne wraz ze wzrostem obszaru biedy, szczegélnie
w krajach rozwijajacych sig [25].

Ze wzgledu na coraz powszechniejsze izolowanie na
calym $wiecie szczepow opornych, miedzynarodowy
zespot specjalistow opracowal definicje epidemiolo-
giczne nabytej opornosci celem poréwnywania danych
uzyskiwanych z réznych krajow [22].

MDR (ang. multidrug resistance) opornos¢ na co
najmniej jeden antybiotyk z trzech lub wiecej grup tera-
peutycznych.

XDR (ang. extensive resistance) oporno$¢ na co
najmniej jeden antybiotyk ze wszystkich grup tera-
peutycznych z wyjatkiem dwodch lub mniej (tj. izolat
bakteryjny pozostaje wrazliwy na jednag lub dwie grupy
terapeutyczne).

PDR (ang. pandrug resistance) oporno$¢ na wszyst-
kie dostepne antybiotyki.

Wszystkie powyzsze typy opornosci sa obecne
wsrod patogendw bakteryjnych izolowanych z zakazen
w Polsce.

6. Dzialania niezbedne do ograniczenia powstawania
i rozprzestrzeniania sie bakterii opornych
na antybiotyki

Problem antybiotykoopornosci dotyczy wszystkich
patogenow i wszystkich krajow $wiata, aczkolwiek ist-
nieja miedzy nimi ogromne réznice. Tam gdzie zro-
zumiano, ze poziom antybiotykoopornosci jest $cile
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powiazany z poziomem konsumpcji antybiotykow,
a takze kluczowsg role kontroli zakazen w szpitalu
i konieczno$¢ wysokiej higieny produkcji zwierze-
cej i rolnej, sytuacja jest pod kontrolg. Pozytywnymi
dzialaniami w tym obszarze moga poszczyci¢ sie
kraje skandynawskie i Holandia. Unia Europejska juz
w 2006 r. wprowadzila zakaz stosowania antybiotykow
w tuczu zwierzat (promotory wzrostu) podczas gdy
USA dopiero w 2017 .

Wypracowano wiele strategii w walce z antybiotyko-
oporno$cig w zalezno$ci od nasilenia tego zjawiska,
mozliwosci finansowych danego kraju, istniejacych
struktur i sSwiadomosci zagrozen jakie niesie narasta-
jaca opornos$¢. Waznym jej elementem jest monitoro-
wanie opornosci kluczowych czynnikéw etiologicznych
zakazen u ludzi i u zwierzat hodowlanych. Musi ono
by¢ polaczone z pozyskiwaniem danych o poziomie
i strukturze konsumpcji antybiotykéw. Monitorowanie
stanowi niezbedne narzedzie biezacej oceny szerzenia
sie opornosci, ale takze bardzo wazne jest przekazywa-
nie aktualnych danych jednostkom odpowiedzialnym
za polityke zdrowotng panstwa, stuzbom sanitarnym
i catemu spoleczenstwu o poziomie zagrozen. To one
powinny wdraza¢ strategie ograniczenia antybiotyko-
opornosci. Najbardziej aktywne w walce z antybio-
tykoopornoscig sg kraje UE, co znajduje odzwiercie-
dlenie w wielu aktach prawnych i dzialaniach. Kraje
czlonkowskie, zwtaszcza Skandynawia i Holandia bar-
dzo wczeénie rozpoznaly zagrozenia zwigzane z nara-
stajagca opornoscig na antybiotyki, co spowodowalo
bardzo intensywne dzialania w tym obszarze Komisji
Europejskiej. Holandia byla inicjatorem dwdch waz-
nych sieci monitorowania, tj. EARS-Net (Europejska
Sie¢ Monitorowania Lekoopornosci Drobnoustrojow)
oraz ESAC-Net (Europejska Sie¢ Konsumpcji Anty-
biotykéw), ktére obecnie sa koordynowane przez
ECDC, a ze strony Polski sg realizowane przez Zaklad
Epidemiologii i Mikrobiologii Klinicznej Narodo-
wego Instytutu Lekéw, w tym KORLD. Na poziomie
UE dzialania te sg koordynowane przez ECDC, EMA
(ang. European Medicines Agency) i EFSA. Ta ostatnia
monitoruje opornos¢ i zuzycie antybiotykéow w wete-
rynarii i w hodowli zwierzecej. Na uwage zastuguje
kolejna inicjatywa UE w walce z antybiotykopornoscia,
a mianowicie wprowadzenie monitorowania opornych
drobnoustrojow w $ciekach, co pozwoli oceniaé ryzyko
dalszej transmisji [38]. Kraje UE uzgodnily wprowa-
dzenie do 2017 r. krajowych strategii walki z antybio-
tykoopornos$cig. Niestety Polska do chwili obecnej
nie opracowala takiej strategii, a nalezy do krajow UE
0 najwyzszym poziomie antybiotykoopornosci i jest
w czolowce panstw europejskich o wysokim poziomie
zuzycia antybiotykéw w POZ.

Na uwage zastuguja dzialania w walce z antybioty-
kooporno$cig Swiatowej Organizacji Zdrowia (WHO).

Od konca ubiegltego wieku zaangazowala si¢ ona
W opracowywanie raportow na temat sytuacji antybio-
tykoopornosci wsrdd krajow cztonkowskich. A takze
uznala ten temat za priorytetowy w swoich dziataniach.
W 2014 oglosita, ze wiek XXI moze stac si¢ erg post-
antybiotykowa, w ktérej nawet fagodne zakazenia moga
skutkowac¢ zgonem. Podkreslono, ze nie jest to apoka-
liptyczny wytwor fantazji, ale realny obraz XXIw. [36].

W kolejnym bardzo waznym dokumencie opubli-
kowanym w roku 2017 przedstawita podzial opornych
patogenow bakteryjnych na kategorie pod wzgledem
pilnosci wprowadzenia nowych, skutecznych lekow
[37]. Ta kategoryzacja oparta zostala na przeprowa-
dzonej analizie sytuacji epidemiologicznej w krajach
czlonkowskich. Moze rézni¢ si¢ miedzy krajami, ale
przedstawione sg w niej wszystkie najwazniejsze wie-
looporne patogeny bakteryjne odpowiedzialne za naj-
czestsze zakazenia u cztowieka. Do pierwszej kategorii
zaliczono paleczki Pseudomonas aeruginosa i Acine-
tobacter baumannii oporne na karbapenemy (rézne
mechanizmy), pateczki Enterobacterales oporne na
cefalosporyny III gen. i karbapenemy. Ponadto, w gru-
pie tej znalazto sie Mycobacterium tuberculosis z opor-
noscig na rifampicyne.

W drugiej kategorii znalazly sie S.aureus (mety-
cylina i wankomycyna), E. faecium (wankomycyna),
H. pylori (klarytromycyna), Campylobacter i Salmonella
spp. (fluorochinolony), Neisseria gonnorrheae (cefalo-
sporyny 3-gen. i fluorochinolony).

W trzeciej kategorii umieszczono wieloooporne
S. pneumoniae (penicylina), H. influenzae (cefalospo-
ryny III gen). i Shigella spp. (fluorochinolony). Nalezy
podkresli¢ fakt, ze w grupie drugiej i trzeciej znalazly
sie gatunki odpowiedzialne za zakazenia pozaszpitalne,
a wiec pilnie potrzebne sa nowe antybiotyki do poda-
wania doustnego.

WHO powotata 22 pazdziernika 2015 r. sie¢ monito-
rowania GLASS (ang. Global Antimicrobial Resistance
and Use Surveillance System) obejmujaca wszystkie
kraje czlonkowskie i $cisle wspolpracujaca z ECDC
i sieciami monitorowania UE. W Polsce zaangazo-
wany w te inicjatywe jest Krajowy Osrodek Referen-
cyjny ds. Lekowrazliwo$ci Drobnoustrojow. Pierwsze
dane potwierdzajg, ze opornos$¢ na antybiotyki dotyczy
wszystkich krajow $wiata, a wiodacymi wieloopornymi
patogenami s najczestsze czynniki zakazen czlowieka
i zwierzat. Szczegdlnie niebezpieczny obraz rysuje sie
w krajach rozwijajacych si¢, w ktérych dostep do nowo-
czesnej terapii i diagnostyki, a takze czystej wody jest
ciagle niewystarczajacy.

Bardzo waznym obszarem dziatan w ochronie zdro-
wia jest podnoszenie $wiadomosci, zaréwno wsrod
profesjonalistow, jak i calym spoleczenstwie, na temat
zagrozen jakie niesie narastajgca oporno$¢. Badania wie-
dzy w tym obszarze w Polsce pokazato koniecznos¢ roz-
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szerzenia w trakcie studiéw medycznych i weteryna-
ryjnych tematyki dotyczacej antybiotykow ich racjonal-
nego stosowania i konsekwencji naduzywania tej grupy
lekéw [29, 30, 31], a takze szerszego wykorzystania
nowoczesnych narzedzi diagnostyki mikrobiologicznej.
Jednoczesnie powinna by¢ prowadzona szeroka i cia-
gla dziatalnos¢ edukacyjna calego spoteczenstwa [23].
Podobne wnioski sformulowano w ramach Europej-
skiego badania Eurobarometr dotyczacego wiedzy i po-
staw obywateli UE wobec stosowania antybiotykow [10].

7. Wnioski.

Oporno$¢ bakterii na antybiotyki ze wzgledu na
jej zakres stanowi jedno z najwigckszych wyzwan dla
zdrowia publicznego na $wiecie. Brak natychmiasto-
wego podjecia wielosektorowych dzialan doprowadzi
do dalszego rozprzestrzeniania problemu zwieksza-
jac $miertelnos¢ i straty ekonomiczne. Niezbedne sg
wielosektorowe dzialania, obejmujace: monitorowanie
opornosci i zuzycia antybiotykow, rozwijanie nowocze-
snej diagnostyki mikrobiologicznej, szerokie badania
naukowe nad nowymi lekami, szczepionkami i biolo-
gia drobnoustrojow, szeroka edukacje spoleczenstwa,
profesjonalistow i decydentéw w ochronie zdrowia.
Ustanowienie w kazdym kraju strategii Jedno Zdrowie
obejmujacej zdrowie czlowieka, zwierzat i zdrowe $ro-
dowisko jest odpowiedzig na pojawiajace sie powazne
zagrozenie jakim jest antybiotykoopornos¢.
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Abstract: The objective of this review to summarize the current status of information about the Alkhumra hemorrhagic fever caused
by Alkhumra hemorrhagic fever virus an Arboviral infection. This virus was identified in Alkhumra district of Jeddah, Saudi Arabia in
1995 from a butcher patient. The infected individual develops symptoms febrile flu-like illness, hemorrhagic manifestations and less like
encephalitis. Several cases have been reported from various locations of Saudi Arabia and a few from Egypt and is further expanding in
tropical and subtropical regions of Western Asia. The virus is transmitted to human by direct contact to animal, raw meat, and biproducts
as well as either tick or mosquito bites. Based on the recent status, a great concern of public health was raised with the AHFV epidemics
and infection. Currently, there is no effective vaccine and antiviral therapeutics against AHFV. So, there is an urgent need to design and
develop an effective preventive measure using interdisciplinary approach. This review will provide the status of research work based on
the latest published information about AHFV. The provided information will be highly useful to design the effective preventive measures
to control the disease in the Kingdom of Saudi Arabia.

1. Introduction. 2. Molecular characterization. 3. Transmission of AHFV. 4. Diagnosis and Sero-surveillance of AHFV. 5. Clinical features,
mortality of AHFV infection and manifestations. 6. Prevention control and management of AHFV. 7. Conclusion and future prospects

Keywords: AHFV, Alkhumra, diagnosis, prevention and management, transmission

1. Introduction

A new viral disease known as Alkhumra hemor-
rhagic fever caused by Alkhurma hemorrhagic fever
virus (AHFV) was reported from the Alkhumra,
Jeddah, Kingdom of Saudi Arabia in 1995 [27]. Later,
the causative agent was identified and characterized
and was designated as “Alkhumra hemorrhagic fever
virus” (AHFV) based on the first case of identification
from Alkhumra district [11, 30]. The AHFV belongs
to the Flaviviridae family with ss positive sense RNA.
Based on current status few clinical cases of this virus
has also been reported from Makkah (20 cases),
Najran (8 cases), and bordering Yemen (70 cases) Taif,
Alqunfuda and Jazan [2, 17, 22]. The was isolated
as well from different hosts in Egypt, Italy [4, 23, 28]
and Djibouti [3, 8]. These reports warrants to an alarm-
ing situation and suggesting the expansion of geogra-

phic distribution beyond the origin. The emergence
and re-emergence of AHFV has significant impact on
human and animal health.

2. Molecular characterization

The molecular characterization of AHFV has been
done by many research groups. Like other Flaviviruses,
AHFV genome size ranges from 10.5 to 10.7 kb and
codes a polyprotein which cleaves into structural
and non-structural proteins (Coat, Pre- Membrane and
Envelop- Structural proteins) and non-structural pro-
tein known as NS1, NS2A, NS2B, NS3, NS4A, NS4B
and NS5 by viral and host proteases [1, 9, 10, 12, 18, 19,
24, 26, 29]. The 5" and 3’ untranslated regions (UTRs),
of the viral genome consist the coding sequence respon-
sible for viral pathogenicity. The trypsin-like serine
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protease and helicase domains are localized on NS3
region and methyl transferase and RNA-dependent
RNA polymerase domains are present on NS5 region.
The NS2B works as a cofactor for protease activity
of NS3 [24, 25]. The first report about full genome
sequencing and analysis of AHFV strain 1176 which
was identified from an infected patient was published
by Charrel etal in 2001. The complete genome had
10248 nucleotides with 3416 amino acids polyprotein
[7]. Based on the genetic characterization relationship,
Kyasanur forest disease virus (KFDV) showed the
closest cluster, and it was likely to be the common
ancestor and represent two genetic subtypes of the
same virus species. Additionally, the sequence analysis
of 11 AHFV isolates collected from Makkah and Jeddah
as well as one isolate from Ornithodoros savignyi tick,
sand tampan (tick JE7), showed the sequences similar-
ity with AHFV strain 1176 and KFDV especially in the
envelop protein gene but less similarity was observed
in NS3 and NS5 gene which indicates low microevolu-
tion [5, 6]. In 2014, another full genome sequencing
and analysis of AHFV strain isolated from Najran was
performed by Madani et al and the results showed the
AHFV-Najran strain had 10546 nucleotides as com-
pared to other strains had 10,685-10,749. The sequence
similarity showed 99% identity to other 18 AHFV
strains and the phylogenetic relationship showed the
AHFV formed closed cluster with previously repor-
ted AHFYV strains while KFDV, Langat virus, TBEV, and
OHEFV isolates formed a separate cluster. This sequence
analysis concluded that the AHFV-Najran strain could
have resulted from possible recombination with circu-
lating strains in Saudi Arabia [18].

3. Transmission of AHFV

The possible mode of transmission of AHFV has
been reported in many studies. The direct contact
with animals and their by products such as raw milk,
raw meat, secretions and blood, and exposure to ticks
and plays an important role in transmission [11, 22,
27, 30]. But there were several reports suggest that
mosquito bites can also play important role because
some affected patients were not in the direct contact
with animals and their bi-products. Tick and tick bites
may be suspected as the reservoir and possible source
of virus spread to humans [11, 17, 20]. But in another
study, a significant risk factors of AHFV infection are
possible after multivariate modeling, animal contact,
neighboring farms, and tick bites [2]. The human-to-
human transmission of AHFV has not been reported
but based on some reports 32.1-71.4% cases were the
part of same family cluster [2, 17]. In an interesting
study, it was observed that the successful propagation of

AHFV in mosquito cell lines and based on this study it
may be hypothesized that mosquito could be an impor-
tant vector for virus transmission [14, 16, 20].

4. Diagnosis and Sero-surveillance of AHFV

The laboratory diagnosis of AHFV infection can be
performed by both standard serological and molecular
techniques [17, 30]. The AHFV can be detected with
immunofluorescence assay (IFA) by using the flavivirus-
-specific monoclonal antibody 4G2. Additionally, NS5-
gene specific PCR also successfully detect the AHFV
infection and provides the 220 bp amplicon. The detec-
tion of AHFV by Realtime-PCR is more sensitive than
viral culture and it has been shown by the detection
of virus in serum, plasma, and the buffy coat [13, 15].
Serosurveillance data on AHFV antibodies in humans
in the KSA or elsewhere are scarce. The study report
suggests that the prevalence of AHFV-IgG was 1.3%
among 1024 soldiers from different regions of the
KSA [21]. The positive sera in different locality such as
Tabouk (61.5%), 23.1% from the Eastern region, 7.7%
from Asir and Jazan (7.7%). In an interesting study; it
was observed that the individuals were AHFV- IgG-
positive and there were no reported cases of AHFV in
their locality in the past and this suggests that they may
had mild infection earlier with AHFV.

5. Clinical features, mortality of AHFV infection
and manifestations

The first case of AHFV was detected in Alkhumra
district and total 37 suspected cases were notified in
2001-2003. The clinical f eatures of ALKV is extremely
severe. Only 20 cases were confirmed by laboratory
diagnosis and 11 have hemorrhagic manifestations
and finally 5 of them died confirming the high (up to
30%) case fatality rate which reflects that the ALKV
is the deadliest virus [2]. The frequency of multiple
features including clinical, and laboratory have been
described in the outbreak occurred in Jeddah, Makkah
and Najran [2, 4, 11, 17, 22]. The clinical manifestations
range from mild to severe and includes fever, headache,
retro-orbital pain, arthralgia, myalgia, anorexia, vomit-
ing, leukopenia, thrombocytopenia, and elevated liver
enzymes, creatine kinase, and lactate dehydrogenase.
Additionally, gastroenteritis-like illness, rhabdomy-
olysis, severe muscle weakness and as well as severe
neurologic and hemorrhagic symptoms have also
been reported [1, 22, 28]. The mortality rate of AHFV
infection ranged from 20-30% in Jeddah and Makkah
[11, 30]. But based on the recent outbreak in Najran
(2003-2009), Taif, Jazan (2010-2015), and in Algun-
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fuda in April 2017, the mortality rate was ranged from
(<0.5-1%) [2, 11, 17, 22, 30]. The rate of low mortal-
ity in these regions suggests that the protective herd
immunity among the inhabitants has been developed
against this virus [17].

6. Prevention control and management of AHFV

As per latest published information and epidemio-
logical data, the livestock animal, tick and mosquito
bites play an important role in the possible transmission
of AHFV in both human and animals. Currently, there
is no specific vaccines and antiviral therapy to control
and manage the AHFV infection. The effective patient
supportive care with intravenous fluids, ionotropic
support, blood and fresh frozen plasma transfusions
and mechanical ventilation suggests the proper con-
trol and management of virus infection. The infection
of AHFV can be prevented by the direct contact with
these animals and their biproducts as well as avoidance
of mosquito and tick bites. The immediate information
should be provided to Health and agriculture ministry
about the virus infection and risk factors in a particular
locations and municipality animal handlers, slaughter-
houses, and workers. The preventive measures should
be taken by all the workers, and they should protect
themselves by using personal protective equipment
during handling of their animals and biproducts. The
control measure of mosquito bites and ticks should
be undertaken by concerned ministries and authori-
ties. A national program for controlling the ticks and
mosquitos should be established. The assessment of
clinical manifestations in livestock animals as well as
animal handlers should also be frequently performed
to control the virus spread. The continuous collection of
fecal, urine and blood samples and their proper storage
should be performed so that the presence of virus and
neutralizing antibodies can be detected by both sero-
logical and molecular techniques. The interdisciplinary
teamwork should also be performed by including health
ministry, agriculture ministry, municipality manager,
slaughterhouse in charge and vector control authorities
of Kingdom of Saudi Arabia.

7. Conclusion and future prospects

Based on the status and published reports, there is
no effective vaccine and therapy available for AHFV
infection in the Kingdom of Saudi Arabia. This virus
was reported from Jeddah in 1995 and not much work
has been done about the virus disease spread, vectors
(Ticks and mosquitos), virus reservoir, emergence and
re-emergence, virus genetic diversity, recombination,

factors of virus and disease spread as well as pathologi-
cal and clinical manifestations. To date there is no estab-
lished reports and study about the virus hosts, their
bi-products, and their role in virus transmission and
maintenance even though the virus has been detected
from various hosts and ticks. The role of vectors in
virus disease spread to human and animals needs to
be elucidated in research studies including biological
role, epidemiology, seroprevalence of AHFV antibod-
ies in both human and animals and transmission of the
virus. An effective preventive measure should be taken
by involving both human and veterinary sectors, man-
ager of slaughterhouses, ministry of Agriculture, min-
istry of health. Additionally, the research and academic
institutes should also be included so that an effective
vaccines and antiviral therapies can be designed and
developed to control and manage the AHFV disease in
the Kingdom of Saudi Arabia.
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Abstract: Viral pathogens are major concern nowadays. Bacterial CRISPR/Cas systems help in defending the host body against different
pathogens including viruses too. This system contains restriction enzymes that introduce dsDNA breaks on target site to make the virus
non-functional by damaging its genes. Coronavirus, HIV and Herpes viruses are causing mortality all around the world. To control the
spread of disease, early detection and treatment is required. CRISPR system due to its high efficiency provides a platform to restrict
the viral entry into host cell, viral genome editing and eliminate the latent infections. In this review, the CRISPR strategies against three
major viral diseases are put under consideration: Coronavirus, Acquired Immunodeficiency Syndrome and Herpesvirus associated dis-
eases. Three CRISPR/Cas systems have been discussed including CRISPR/Cas12, CRISPR/Cas9 and CRISPR/Cas13 that are used against
the above listed viruses.

1. Introduction. 2. CRISPR/Cas system based genome editing. 3. CRISPR/Cas strategy against the viral diseases. 3.1. COVID-19. 3.2. AIDS.
3.3. Herpes Virus. 4. Limitations of CRISPR technology. 5. Conclusion
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1. Introduction

A major cause of morbidity and mortality around
the world is infectious diseases. One of the major agent
responsible for causing emerging infectious diseases
is the virus [4]. Many diagnostic and therapeutic
approaches have been developed till now for treating
the viral diseases. But due to evolution, the genome
of viral pathogens changes and in this way the treat-
ment approach used for the same virus previously
becomes ineffective.

CRISPR (Clustered Regularly Interspaced Short
Palindrome Repeats) Cas (CRISPR-associated protein)
system is natural defense mechanism of bacteria against
pathogens. It uses guide RNA for specifically manipula-
ting the specified region of genome. At target site, Cas
enzymes introduce dsDNA break. PAM (Protospacer
Adjacent Motif) helps in recognition of target site
[53]. PAM also helps distinguishing self and non-self-
sequences [72]. If any mutation occurs in PAM region
the ability of Cas enzyme to work properly will be com-
promised [54]. In this way, target pathogen will suc-

cessfully escape from immune response of host [7, 53].
CRISPR provides application in introducing foreign
DNA into host chromosomes as new spacer [3], this
prevents the invasion of same pathogen in future.

There are six types of CRISPR systems. Different Cas
proteins with crRNA are used for each class in CRISPR
interference [116]. Type-I and type-III CRISPR systems
uses complex of multiple Cas proteins for binding
of crRNA and degradation of target sequence [106].
Type II CRISPR systems uses only one Cas protein for
target recognition and cleavage with different nuclease
domains: RuvC or HNH [38, 39, 54]. In Type II CRISPR
systems, tractrRNA is small non-coding RNA required
for maturation of crRNA [26].

The genes casl and cas2 are absent in type IV
CRISPR/Cas systems, which are frequently not con-
nected to CRISPR arrays. A significantly reduced large
subunit (csfl) and two genes for Receptor Activity-
Modifying Proteins (RAMP) from the Cas5 (csf3) and
Cas7 (csf2) groups make up effector complex of type IV
systems [71]. The presence of single effector protein
termed Cas12 is the most important aspect of type V
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CRISPR/Cas system [123]. The active endonuclease
Casl2a in type V CRISPR/Cas system is able to per-
form targeted cleavage without the aid of an additional
tracrRNA [127]. In the type VI CRISPR/Cas system,
higher Eukaryotes and Prokaryotes nucleotide-binding
(HEPN) domains constitute a distinguishing character-
istic. It has been concluded that type VI systems are,
in terms of substrate recognition, less strict than other
types since they only target RNA, which has fewer nega-
tive side effects on the cell [16].

CRISPR/Cas system provides platform for genome
imaging, editing genomes and epigenetic modulation.
This technology allows the study of function of spe-
cific genes in disease onset and progression, activa-
tion or deactivation of cancer suppressor genes and
oncogenes respectively [15, 29, 49, 113]. CRISPR/
Cas9 based genome engineering is used for treating
different diseases: sickle-cell anemia, viral infections,
cancer, cystic fibrosis, muscular dystrophy, genetic,
neurodegenerative, cardiovascular, and immuno-
logical disorders [5, 45, 70, 101, 120]. In this review
CRISPR system application against viral diseases will
be discussed. It involves CRISPR system for studying,
detecting, and treating AIDS, COVID-19 and Herpes
virus. The limitations and challenges of CRISPR/Cas
system will also be discussed.

2. CRISPR/Cas system based genome editing

Recognition, cleavage and repair are three steps that
make up CRISPR/Cas9 system for editing of genome
[74]. Chosen sgRNA drives Cas9 and recognizes tar-
get sequence in gene of interest via its crRNA comple-
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mentary base pair component. Without sgRNA, Cas9
protein remains dormant. A brief conserved DNA
sequence downstream of cut site, PAM is made at
a position 3 base pairs upstream from where the Cas9
nuclease generates double-stranded breaks (DSBs)
[13]. PAM size varies based on species of bacteria. The
Cas9 protein, most popular nuclease in genome editing
tools, can identify PAM sequence at 5-NGG-3 (N can
be any nucleotide base). When Cas9 locates target site
with right PAM, it causes local DNA melting, which is
followed by synthesis of an RNA-DNA hybrid. How-
ever, process through which Cas9 enzyme melts target
DNA sequence is still not fully known. After that, Cas9
protein is activated to begin cleaving DNA. RuvC and
HNH domains separate target DNA into its comple-
mentary and non-complementary strands, primarily
causing blunt-ended double-strand breaks (DSBs). Host
cellular machinery then fixes DSB (Fig. 1) [73, 53].
Non-homologous end joining (NHE]) and homol-
ogy-directed repair (HDR) pathways are used for
repairing the DSBs caused due to Cas9 protein in the
CRISPR/Cas9 process [68]. NHE] participates in DSB
repair throughout the whole cell cycle by joining DNA
fragments via an enzymatic mechanism in external
homologous DNA absence. Despite being most com-
mon and efficient cellular repair method, it is error-
prone and can result in small random insertions or
deletions at the cleavage site, which could cause frame
shift mutations or premature stop codons [124]. HDR
is incredibly precise and needs homologous DNA tem-
plate usage. The late S and G2 phases of the cell cycle
are when it is most active. A significant number of
donor (exogenous) DNA templates bearing sequence
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Fig. 1. CRISPR/Cas system mechanism of action
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of interest are necessary for HDR in CRISPR gene edit-
ing. By inserting donor DNA template with sequence
homology at anticipated DSB site, HDR carries out pre-
cise gene insertion or replacement [124].

3. CRISPR/Cas strategy against the viral diseases

CRISPR/Cas system provides application in:

1. Restricting viral entry in host: disease is caused only
if the virus had got successful entry into host cell. If
the receptors responsible for viral entry are modi-
fied, then viral entry can be prohibited. CRISPR/Cas9
helps in modification of viral receptors.

2. Editing the genome of virus for make it unable to
replicate by introducing mutations in genes.

3. Target the latent infections and helps in their com-
plete removal.

The contributions of CRISPR system against Coro-
navirus Disease-2019, Acquired Immunodeficiency

Syndrome and Herpes virus will be discussed below.

3.1. COVID-19

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) closely resembles SARS-CoV-1 and
World Health Organization named the disease as
COVID-19 [42] due to its emergence in 2019. It is
infection of upper and lower respiratory system. It has
an animal origin first reported in Wuhan city of China
where 102, 103 people were infected from this virus
[14]. The virus spread extensively in the Wuhan region
of China and then this disease spread worldwide.

The family of Coronaviruses is Coronavirinae and
they are the largest group in Nidovirales [95]. There
are four types of corona viruses on basis of their host:
a and B (MERS-CoV, SARS-CoV-1 and SARS-CoV-2)
are human pathogens while y and § are avian patho-
gens [132]. Seven coronaviruses have been discovered
till now [24, 130] including SARS-CoV-1, MERS-CoV,
0OC43, 229E, NL63 and HKU1 [102] and seventh one
is SARS-CoV-2.

SARS-CoV-2 contains single stranded genomic
material (RNA) and is beta-coronavirus [118, 129]
which size is approximately 29.9 kb [35]. Its genome
encodes 16 nonstructural, 4 structural and 5 to 8 acces-
sory proteins [118]. It contains replicase genes which
encodes essential proteins [99, 105, 117] for nucleocap-
sid formation, viral replication, and spikes formation
[24, 99, 105, 117]. Coronavirus spike proteins identifies
ACE2 receptor in host and binds to it [25] and helps in
fusing virus & host cell plasma membrane [97]. SARS-
CoV-2 then enters the cell by endocytosis [61, 114]
& releases its genetic material to be translated by host
machinery and produces new viral particles [86].

CRISPR/Cas system against COVID-19

Coronaviruses are involved in respiratory diseases
containing RNA as genetic material [67]. Therapies,
drugs, and vaccines discovered to cure coronavirus
focus on the inhibition of virus entry in cells [87].
Many diagnostic techniques are also developed but
they have low accuracy & efficiency. CRISPR system
on the other hand identifies and degrades the genome
of virus and diagnoses the virus with higher efficiency.
COVID-19 can be detected via CRISPR based tech-
nologies including: SHERLOCK, DETECTR and
CREST [32]. CRISPR system also provides therapeutic
approaches for COVID-19 targeting different regions
of Coronavirus genome.

CRISPR based restriction of viral entry into host cell

The cells which contain ACE2 on their surface are
highly targeted by SARS-CoV-2. ACE2 high expres-
sion is on kidney, lungs, and heart cells surface [28].
ACE2 helps in maintaining blood pressure [98]. It can
be made target for preventing entry of SARS-CoV-2
into host cell but in such a way that its function is not
disturbed. For this purpose, only its binding domain
can be edited by use of CRISPR.

In-silico study, Pedro Tanaka etal. evaluated the
impact of replacing particular residues of amino acid in
ACE2 alpha-helix, which are important in SARS-CoV-2
viral binding, using techniques for protein modeling.
To interact with the virus, they created a CRISPR/Cas9
model system that destabilizes a portion of the ACE2
protein (N-terminal alpha-helix amino acid residues
Phe28, Lys31 and Tyr41). The destabilizing effect of the
edited alterations preserved the helicoidally structure
at the ACE2 side while weakening interface connec-
tion between SARS-CoV-2 S protein and ACE2 alpha-
helix [104]. Most important amino acid residues for
ACE2 catalytic action, Arg273, His505, His345, Argl69,
Arg514, and Tyr515, are preserved while also maintain-
ing the structural shape of this system [44].

PAC-MAN strategy for treating COVID-19

PAC-MAN is a therapy for treating coronavirus
based on CRISPR technology developed by Abbott et al.
[1, 122]. PAC-MAN reorients Cas13d system capac-
ity to cut RNA of coronavirus in humans and thus
inhibiting its life cycle. This CRISPR/Cas13d system is
extracted from Ruminococcus flavefaciens XPD3002
[60]. Cas13d calls up crRNAs containing 22 nucleo-
tides-spacer seq. crRNA helps the Cas13d proteins in
degrading the target viral genome [11, 39, 54]. Cas13d
PAC-MAN strategy minimizes the replication and
expression of coronavirus by its action of cleaving
SARS-CoV-2 RNA genome. It thus results in degrada-
tion of viral mRNAs that can produce viral essential
proteins [94] (Fig. 2).
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Fig. 2. Anti-SARS-CoV-2 effect produced by CRISPR/Cas13d
that inhibits the replication of virus by crRNA-guided viral mRNA
and genome degradation

Abbott etal. reported two conserved regions in
SARS-CoV-2 important for its functioning and repli-
cation: Nucleocapsid and RdRP genes [1]. They target
these genes and constructed crRNA library. They tested
40 designed crRNAs on human lung epithelial A549
cells. For this purpose, proteins of SARS-CoV-2 were
tagged with florescent reporter genes and then trans-
fected them to lung epithelial cells under study along
with crRNA and Cas13d. They reported that many
crRNA effectively worked in reducing the formation
of mRNA from RdRP and nucleocapsid genes with 85%
and 70% reduced GFP signal, respectively [1].

Coronavirus NSP1 to NSP16 proteins can be tar-
geted by CRISPR/Casl3 in treatment. Polyprotein
encoding ORF1a/b plays role in pathogenesis of SARS-

1. Binding of ABACAS /
to S protein of Coronavirus

/-\
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CoV-2 could be a target for CRISPR. gRNA have been
designed for targeting the regions of ORFla/b coding
peptides [1, 79].

In treating the COVID-19 pandemic, the suggested
CRISPR-based antiviral medicines show considerable
promise. However, the justification for the effective use
of antiviral CRISPR therapeutics in humans is solely
based on an in vitro trial. However, the main obsta-
cle preventing clinical use is the transport of CRISPR
components into patients. Even though current deliv-
ery techniques like polymer-based, liposomal, and
adeno-associated virus (AAV) vectors seem doable,
they are only somewhat effective [111]. Engineering
Cas13 nuclease so that it can adhere to viral particles
and deliver CRISPR components along with virus into
host cell is one possible method to achieve selective
and effective delivery. Once virus, that possesses its own
shredding machinery (CRISPR/Cas), reaches cell, the
CRISPR system can quickly target viral RNA and cleave
it before Viral RNA is replicated or translated. Ironi-
cally, the virus itself may be employed to help distribute
information selectively and effectively [76].

ABACAS

ABACAS is therapeutic strategy against virus in
which Cas13 fuse with specific AB (antibody) of S pro-
tein of SARS-CoV-2 helping in delivery of Cas13 in
infected cells. Detection of SARS-CoV-2 S-protein could
be made by using ABACAS fused antibody that helps in
delivery of virus along with Cas13 in cells being infected
[56, 125]. RNA of virus is degraded when it is exposed to
ABACAS in infected cell (Fig. 3). In this way off-tissue
effects are reduced by this approach due to target deliv-

) it

2. Restricted entry of Coronavirus
in cell mediated by ABACAS

ACE2
ACE2 receptor dependent
endocytosis
Viral RNA ‘/
X ABACAS mediated viral RNA

degradation e

Fig. 3. Mechanism of ABACAS strategy. ABACAS strategy captures S protein of Coronavirus and successfully delivers
the components of CRISPR into infected cells. CRISPR components then attack viral RNA and degrade it.
This strategy also helps in preventing viral entry into cell
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ery by virus. CR3022, LY-COV555 and REGN-COV2
are ideal for ABACAS development because they bind
SARS-CoV-2 S protein tightly. The efficiency of CR3022
was tested on 293F cell lines by Joyce etal. [56].

SHERLOCK

SHERLOCK (Specific High-Sensitivity Enzymatic
Reporter unLOCKing) is FDA approved detection
method [40] introduced to detect COVID-19 with sen-
sitivity of 10-100 copies/pl of input [128]. This tech-
nique is based on CRISPR Cas13 of type VI. It includes
combined action of RT-RPA and Cas13a nuclease activ-
ity [41]. crRNA-Cas13a complex bind & then cleave
specific target (RNA) along with non-target fluorescent
reporter coupled RNA. As a result of cleavage flores-
cence is produced that enables real time & rapid virus
detection [119].

CREST

CREST (Casl3-based, rugged, equitable, scalable
testing), developed by Rauch et al. is used for SARS-
CoV-2 detection. This involves utilizing Cas13 detection
along with PCR, transcription, and then final detection
of positive results by using fluorescence detector. It
targets viral RNA with LOD 10 copies/pl [88].

DETECTR

Casl2 based DETECTR (DNA endonuclease-tar-
geted CRISPR trans reporter) detects SARS-CoV-2. It
also uses RNA sample of patient. Its principle is based on
RT-LAMP [82], that amplifies RNA in sample extracted
from oropharyngeal or nasopharyngeal. Reporter mol-
ecule cleaves from the target coronavirus sequence fol-
lowed by its recognition by Cas12. The target is then
cleaved by Cas12. The overall procedure takes half an
hour for completion. In this time, RT-LAMP reaction
takes 20 minutes at 62°C temperature followed by Cas12
detection requiring 10 min at 37°C and final visualized or
detection of virus on dipstick. Detection of Nucleopro-
tein and Envelope protein genes is required for positive
test output to confirm infection caused by SARS-CoV-2.
Detection limit for DETECTR is 10 copies/pl [10].

3.2. AIDS

AIDS is an immune system suppressing disease
caused by Human Immunodeficiency Virus infections
[9] transmitted by vertical transmission, sex, and intra-
venous injections [23, 46].

HIV-1 & HIV-2 are two types of HIV, causing AIDS,
having numerous similar characteristics [81]. Patho-
genicity and transmissibility of HIV-2 is less in com-
parison to HIV-1. The RNA genomic size of HIV-1 is
9.8 kb. LTRs present at the edges of genome are respon-

sible for coding viral proteins functional in viral repli-
cation and invasion: gag, vif, pol, vpu, env, rev, vpr, tat,
ASP and nef [12, 69].

HIV-1 invades immune cells, and its receptor is CD4
on which it binds with the help of gp120 envelope pro-
tein. CCR5 or CXCR4 are the co-receptors with which
virus interacts in progressing disease. Main target host
cells are monocytes, astrocytes, dendritic cells, T cells,
microglial cells and macrophages. Viral life cycle is
intricate due to which it is difficult to eliminate virus
completely (Fig.2). Active and latent infections are
caused because of entry of HIV-1 [17]. In case of active
infection, provirus keeps on replicating and host cell
buds to produce progeny virions.

Latent infections are arbitrated by environment of
chromatin [37], integration sites of HIV-1 provirus
[103], RNA interference [92] and transcription fac-
tors [63]. As a result of latent infection reservoirs of
resting infected astrocytes [77], microglial cells [78], T
helper cells [21] and macrophages [98] are formed. It is
difficult for antiviral drugs to reach these reservoirs
which are in brains [36], gastro-intestinal tracts and
lymphoid tissues [21].

CRISPR/Cas system based therapeutic & diagnostic
approach against AIDS

HAART is used for treating AIDS inhibiting replica-
tion of Human Immunodeficiency Virus [96]. Highly
active antiretroviral therapy (HAART) is medical regi-
men used for treatment and control of human immu-
nodeficiency virus type 1 (HIV-1). It contains a variety
of drugs from the antiretroviral groups [33]. Although
latent viral reservoirs can be reduced in number by
highly active antiretroviral therapy (HAART), they can-
not be completely eliminated in HIV-1/AIDS patients.
With the potential to treat HIV-1/AIDS, the CRISPR/
Cas9 system has just been developed. To diminish
HIV-1 infection and eradicate the provirus, it could be
used to target cellular co-factors or the HIV-1 genome.
It can also be employed to promote transcriptional acti-
vation of latent virus in latent viral reservoirs for eradi-
cation. [71, 51]. CRISPR technology is being used for
inactivating viral genome by gRNAs with specific viral
genes or LTR promoter site as a target [131].

To test the effectiveness of lentivirus-mediated intra-
venous delivery of CRISPR in editing HIV-1 genome
from circulating peripheral blood mononuclear cell
engrafts, Bella et al. used the NRG mouse model, which
has multiple immunodeficiencies that are primarily
caused by the absence of T, B, and NK cells [84]. Tar-
geted area of the viral genome, which was located inside
the HIV-1 LTR, was excised from human peripheral
blood mononuclear cells (PBMCs) placed in NRG mice
spleens via lentivirus-mediated delivery of a multiplex of
guide RNAs and Cas9 endonuclease. After being treated
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with lentiviral vectors producing Cas9 and gRNAs,
Sanger sequence analysis of the viral DNA confirmed
the editing and removal of the proviral DNA fragment
from the viral genome at the expected places [6].

CRISPR based restriction of viral entry into host cell

To eliminate host cell permeability to be infected by
HIV-1, its receptors are targeted by CRISPR. Cocchi
etal. reported that the viral entry can be prohibited by
blocking or altering the receptors responsible for HIV-1
entry into host cell that are CD4 receptor and two co-
receptors: CXCR4 & CCR5. We cannot alter CD4 recep-
tor because it plays a necessary role in immune system
but co-receptors can be edited. CRISPR/Cas9 has been
widely used in disrupting CCR5 and CXCR4 expres-
sion. Cho etal. reported that CRISPR/Cas9 could be
used to silence CCR5 receptor gene in HEK-293 T-cells
by transfecting sgRNAs and Cas9 [20]. Biti et al. stated
that if a person has missing homozygous 32 base pair
in gene of CCR5 (CCR5132) shows a natural resist-
ance against R5-tropic HIV-1 [8]. When CCR5 is being
inactivated by CRISPR the viral envelope is susceptible
to mutation that will result in shift of the usage of viral
receptor from CCR5 to CXCR4 [34, 109].

Li etal. disrupted CCR5 expression by combin-
ing sgRNAs that target the fourth exon of CCR5 with
adenovirus-delivered CRISPR/Cas9. In TZM-BL cells,
two particular sgRNAs can generate more than 60% cut-
ting efficiency. The outcomes were also confirmed in
human T cell lines and Chinese hamster ovary (CHO)
cell lines. Finally, they delivered the CRISPR/Cas9 sys-
tem to human CD4+ T cells using a chimeric Ad5/F35
adenovirus vector in order to mute CCR5 expression,
which protected cells from HIV-1 infection with high
efficiency and little off-target consequences [64]. Mean-
while, numerous studies have documented CRISPR/
Cas9-induced CXCR4 gene disruption. With the use of
two sgRNAs that selectively target conserved CXCR4
regions and CRISPR/Cas9 supplied by lentivirus, Hou

etal. successfully disrupted CXCR4 expression in human
CD4+ T cells and rhesus macaque CD4+ T cells [101].
The CXCR4 [48] co-receptor or other replication factors
of virus can be targeted by CRISPR strategy [52, 83].

CRISPR based genome editing virus

Ebina etal. used CRISPR technology for HIV-1
infection prevention for the first time in 2013. They
used CRISPR for setting viral LTRs as target and thus
suppressing the gene expression in cell line of immor-
talized T lymphocytes [31]. They used CRISPR/Cas9
to inhibit Human Immunodeficiency Virus-1 provirus
replication and transcription. For this purpose, they
targeted the NF-«B binding cassettes in TAR sequence
of R region and LTR sequence of U3 region [31].

Hu etal. worked to remove genome of HIV-1 by
using CRISPR/Cas9 technology in 2014. Cas9-gRNA
was used by Hu et al. for targeting the conserved spots
in HIV-1 LTR U3 region with no off-target editing
and small geno-toxicity. They inactivated the replica-
tion and gene expression of virus in cell lines that were
latently infected by HIV-1. The studied cell lines include
microglial, pro-monocytic and T cell line [50].

In the past few years, CRISPR/Cas9 technology has
been widely used in HIV/AIDS research employing
experimental, laboratory-adapted HIV-1 strains due to
its simple, high-efficiency, and limited off-target effect
properties [30]. CRISPR/Cas9 systems are used for
effective elimination of HIV-1 proviruses by targeting
the viral genomic regions like: LTR region and several
genes and proteins (Rev, Pol, Env, and Gag). Some of the
studies based on the targeted viral regions for the elimi-
nation of HIV-1 by targeted delivery of CRISPR system
via transfection and lentiviruses are explained in Table I.

Targeting latent infections by CRISPR system
CRISPR/Cas9 strategy was used to target provirus

LTR in infected (HIV-1) T cell lines and then treating it

with TNF-a [131]. Sequencing showed that target sites

Table I
CRISPR/Cas systems for elimination and targeting HIV-1 provirus

CRISSPR-Cas | Delivery method for Targeted regions Cell line Targeted Efficiency | References
system used | CRISPR components or organism studied locus

SpCas9 Transfection LTR (U3 region) 293T, Jurkat & Hela 465-484 30-90% [104]

SpCas9 Transfection LTR (U3 region) CHMES, TZM-BI, & U937 ;?;;Z 30-90% [105]
293T-CD4-CCR5, hPSC 464-486

SpCas9 Lentivi LTR (R regi ’ ’ 20-909 107

pas entivirus (R region) & 293 Primary T cells 485-507 % | 1107]

SpCas9 Transfection Rev (the second exon) | JLat10.6 8513-8532 30% [93]

_ 2249-2277
Lenti Pol/ Rev/ E T1 -909 1

SpCas9 entivirus Gag/ Pol/ Rev/ Env Sup 84978535 30-90% [135]
. . 300-408

SpCas9 Lentivirus LTR (U3 and R region) | J.Lat FL & SupT1 46348 35-98% [108]
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were mutated that causes the lowered replication and
expression of virus [131].

When various sites of Human Immunodeficiency
Virus-1 genome is targeted then deletion and interfer-
ence of un-integrated part of proviral genome can be
increased by using CRISPR technology [66]. When
using two sgRNAs together for targeting various
genomic regions of HIV-1, the escape and replication
of virus can be prevented [62].

Wang G etal. reported that CRISPR editing by
sgRNA causes the target site mutations in HIV-1
provirus resulting in its inactivation [126]. Although
sgRNA causes inactivation of viral genes but some
viruses escape from being cleaved by sgRNA. These
viruses can be made less infectious by using CRISPR/
Cas9 approach [62]. In presence of specific stimuli, the
resting HIV-1 infected cells will become activated and
undergo replication and starts infecting the neighbor-
ing cells. This will cause the re-formation of latent res-
ervoirs and thus these reservoirs are the most important
challenge for potent cure of AIDS.

The mutations caused by CRISPR/Cas9 differs from
that of antiviral drugs [110]. Targets of CRISPR system
in viral genome, which were poorly, conserved showed
insertions or deletions by action of Cas9 while substitu-
tions were observed in highly conserved regions. gRNA
directs the Cas9 to target site on HIV DNA. Upon rec-
ognition Cas9 introduces dsDNA break at distance
of three nucleotides from PAM. HIV DNA will then
be repaired by host cell DNA repair mechanisms that
results in mutations: nucleotide deletion, insertion, or
substitutions at the site where Cas9 has cleaved. These
mutations can either activate or inactivate the viral rep-
lication. Sometimes these mutations result in prevent-
ing recognition of HIV DNA by gRNA and virus will
escape from the treatment [65].

3.3. Herpes Virus

Herpesviridae is a virus family that includes DNA
viruses infecting birds, reptiles, and mammals. They are
also capable of causing latent infections. There are three
families of herpes viruses on basis of the sequence and
organization of their genome: a, 3, and y herpes viruses.
There are eight Herpes viruses that infect humans
including: HSV-1, HSV-2, VZV, HCMV, HHV-6A,
HHV-6B, HHV-7, EBV, and KSHV [108]. Their genetic
material constitutes linear dsSDNA having sequence of
125 to 295 kilo base pairs. When linear DNA of her-
pes virus enters nucleus of host it becomes circularized
[85]. Genome of Herpesvirus encode approximately
70 to 200 ORF [100].

Latent infection development in permissive cells is
one of the characteristics of these viruses. Viruses are

difficult to be detected by immune system of host dur-
ing resting stage because protein expression of virus is
prohibited during latency [43]. When the resting virus
got signals, they start replication again. HSV-1 causes
herpes simplex keratitis, cold sores and corneal blind-
ness while HSV-2 causes genital ulcers [91].

CRISPR based strategy against Herpesvirus

Herpes viruses cause many diseases and some of
them lack symptoms. For treating the Herpesvirus-
based diseases treatments involve using nucleoside
analogs. These analogs can limit the replication of virus
by restricting the activity of polymerase [75] but due to
negligible effectiveness against latent viruses [22] they
are to be replaced by some effective treatment strate-
gies. Along with these issues’ viruses develop nucleo-
side analog resistance, such as against ganciclovir and
acyclovir [22]. CRISPR/Cas9 is effective in providing
protection to cell against infection and removing latent
virus from the infected cell. This technology is also easy
to use. It also allows the formation of mutant herpes
virus to treat existing ones [93, 121]

CRISPR/Cas9 system for Herpesvirus-Host
interaction studies

CRISPR/Cas9 is used in studying the role of dif-
ferent factors involved in controlling viral progression.
Human antiviral factor IFI-16 binds DNA of virus and
facilitates the antiviral response [27]. IFI-16 plays role
in regulating induction and transcription of IFN-p.
Diner BA et al and Johnson KE et al used CRISPR/
Cas9 for determining IFI-16 role in HSV infection con-
trol. They generated IFI-16 knockouts [27, 55]. They
reported that IFI-16 lowers gene expression of HSV-1
and prevent the attachment of transcription factors
with promoters of HSV-1. Thus, ultimate result is the
inhibition of viral replication and it might have played
role in modification of histone [27, 55].

Anti HSV gRNAs against Herpesvirus

Besides editing the viral genome and construct-
ing mutants of virus, CRISPR provides therapeutic
approaches too to kill HSV within host body. anti-HSV
gRNAs for targeting viral genome can cause change in
specific genes making it non-functional. PC Roehm
et al. and Van Diemen etal. reported in their studies
that anti-HSV-1 sgRNAs can restrict the replication of
virus in both human & non-human cell lines [90, 108].
PC Roehm et al. performed tests on human oligoden-
droglioma cells to check the effectiveness of anti-ICP0
sgRNAs that were designed by them against HSV-1.
ICPO is a viral protein responsible for viral replication
and gene expression. They reported that these gRNAs
had effectively reduced the viral replication lowering
the load of HSV-1 to ~ 10-folds [90].



94

Multiple gRNAs strategy and latent Herpesvirus

Van Diemen etal. used CRISPR/Cas9 lentiviruses
for inhibition of HSV-1 replication in cells of human
lung fibroblast (MRC5). When one gRNA was used for
inhibition of viral replication, viral titer lowered up to
4-log but resistant virus outgrowth was still present.
Mutations were displayed at target site of gRNA by
variants that results in making these variants resistant
to be edited by CRISPR/Cas9. But if two gRNAs are
used instead of one, multiple sites of viral genes can
be targeted. In this way the chances of virus to become
resistant is reduced resulting in complete removal of
viral particles [107].

When the genome of HSV-1 is in its resting state
in MRC5 infected cells, Van Diemen etal. reported
that CRISPR/Cas9 was unable to target their genome
while it targeted the genomes of viruses that produced
from the re-activated HSV-1. They concluded that Cas9
activity might be interfered by resting genome of HSV-1
[107]. Latent genomes of HSV-1 are in inactivated state
having close association with nucleosome [80]; nucleo-
some presence inhibits the binding and functioning of
Cas9 at target site [19, 47].

Herpes viruses enter the cell and its dsDNA serve
as target for CRISPR/Cas9. sgRNA induces viral gene
disruption while multiple gRNAs result in viral genome
fragmentation. If repair template is present, then muta-
tion is inserted in herpes virus (Fig. 4).

Replication of herpes virus in lytic and latent infec-
tion is reduced by using CRISPR/Cas9 as reported
by Diemen etal [107]. They determined efficiency of
CRISPR against HSV, EBV, and HCMV. They designed
sgRNAs for targeting EBV latent and lytic infection.
Viral miR-BART6, smiR-BARTS5, and miR-BART16
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were set as target of designed sgRNAs for models with
latent infections. Transduction of gastric carcinoma
cells latently infected by EBV was made to check the
efficacy of CRISPR/Cas9 based sgRNAs. Viral EBNA1
and EBV Ori were set as target of designed sgRNAs for
models with latent infections. In this way they success-
fully edited and downregulated the miRNAs, antigens,
and Ori under study. In the same way, gene editing by
CRISPR showed viral infections suppression [107].

Wang and Quake designed sgRNAs for targeting
specific genomic regions of EBV that are responsible
for transformation, structure, and latency of virus. They
used this designed CRISPR/Cas9 strategy to treat EBV
latently infected cells derived from patients. They suc-
cessfully removed genome of EBV and decreased load
of virus in quarter and half of cell respectively [115].

EBV genome EBNA1, W repeats and OriP regions
were targeted by Yuen etal. sSRNAs were designed
by them. Copy number of EBV genome was reduced
up to 50%. EBV latent infected cells were not affec-
ted by this suppression but it produced effect in other
infected cells [126].

4. Limitations of CRISPR technology

The features of CRISPR/Cas enable its use in diag-
nostic and therapeutic. Tools of CRISPR as are no doubt
simple to use, efficient and cheap as compared to other
gene editing technologies but there are some limita-
tions too (Fig. 5).

With its advantages of being safe, effective, and
straightforward to utilize, CRISPR/Cas9 technology
has been widely applied to cure human disorders such

— 107
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—_— —_—

Multiple CRISPR
gRNAs
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construct mutans

Repair template: HDR

Fig. 4. CRISPR-Cas strategy against herpes virus [108]



CRISPR/CAS SYSTEM: AN EFFECTIVE TOOL AGAINST PATHOGENIC DISEASES 95

Off-target Effects

of CRISPR technology

Limitations
of CRISPR
technology

Toxicity and immunogenicity
of Cas proteins

Target-site restriction

S
[O Sensitivity to RNA secondary structure JJ

Fig. 5. Limitations of CRISPR/Cas

as Parkinson’s disease (PD) Duchenne muscular dys-
trophy (DMD) and HIV/AIDS [18]. However, various
restrictions must be taken into account while planning
clinical trials. Potential oft-target effects, which could
result in significant gene changes and chromosomal
translocations, are a big worry [59]. By using ChIP-
seq, some researchers demonstrated that the off-target
cleavage caused by Cas9 was significantly less than that
caused by ZFNs, TALENs, and homing endonucleases
[30]. By putting the Cas9 gene under the control of
a minimum HIV-1 promotor, which is activated by viral
transcriptional activator Tat, Kaminski et al. modified
the CRISPR/Cas9 system. With this method, Cas9-
expressing HIV-1 infectious cells are created, while dif-
ficulties brought on by unnecessarily high Cas9 expres-
sion in cells are diminished [58]. If not, the off-target
effects can be reduced by directly delivering Cas9 RNPs
rather than expressing plasmid in target cells. RNP
treatment has been demonstrated to cause cytotoxicity
in cells by inducing innate immune responses in some
types of cells. Inhibiting innate immune responses and
reducing cell mortality can be accomplished by chemi-
cally creating sgRNA and using phosphatase to remove
its 5-ppp [58].

How to successfully transfer this big complex into
cells that are HIV-1-infected is still another significant
hurdle in the application of CRISPR/Cas9. Adenovi-
ral, lentiviral, and adeno-associated viral vectors are
the main delivery vehicles, according to prior publica-
tions [112]. Since adenoviral vectors can incorporate
large DNA fragments and their immunogenic effects
in clinical trials have improved, they can be employed
in a variety of CRISPR/Cas9 systems. However, pro-
duction of recombinant adenoviral vectors may still be
a significant drawback [2].

5. Conclusion

Traditional therapies used to treat viral diseases
focus on boosting the immune response of the patient.
So that their immune system can determine the viral
proteins and prohibit them from entering the cells and
controlling the spread of disease. CRISPR/Cas9/12/13
systems serve as a potential tool against the viral
pathogens. They introduce dsDNA breaks followed by
its repairing and editing through host repair machin-
ery. CRISPR systems are new in therapeutics and got
attention after its first usage in 2013 by Ebina etal.
[31]. When combined with other treatment strate-
gies it increases treatment efficiencies. When patho-
genic viruses are studied, viruses of Coronaviridae,
Retroviridae and Herpesviridae family are said to be
belonged to highly lethal ones. These viruses are tar-
geted by CRISPR/Cas13/9/12 that inhibits the viral pro-
teins and ORE. Among them it also provides platform
to study new viruses, their pathogenicity, and treat-
ments for their infections. Where there are advantages
of CRISPR systems it has some challenges including
its safe delivery into host body and less effectivity due to
some viral proteins.
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Streszczenie: Gronkowiec zlocisty (Staphylococcus aureus) jest Gram-dodatnig bakteria, mogaca powodowaé powazne zakazenia bakte-
ryjne u ludzi. Stanowi ona wazny czynnik etiologiczny wielu choréb, do ktérych naleza m.in. zakazenia tkanek miekkich i skéry (m.in.
czyraki i ropnie skory), a takze zagrazajace zyciu martwicze zapalenie pluc, czy zespdt wstrzasu toksycznego. Szacuje sie, ze okoto 25-30%
0s0b jest nosicielami gronkowca zlocistego, gléwnie w obrebie nozdrzy przednich. Mniejszy odsetek populacji stanowig nosiciele gron-
kowca ztocistego opornego na metycyling (methicillin-resistant S. aureus, MRSA). Szczepy MRSA zgodnie z definicja wykazuja brak
wrazliwosci na niemal wszystkie antybiotyki p-laktamowe. Zjawisko to jest spowodowane obecno$cig w $cianie komdrkowej biatka wiaza-
cego penicyling 2a (penicillin binding protein 2a, PBP2a), bedacego produktem genu mecA, wchodzacego w sklad kompleksu noszacego
nazwe SCCmec (staphylococcal cassette chromosome mec). Oporne na metycyline szczepy gronkowca zlocistego (methicillin-resistant
S. aureus - MRSA) powoduja endemie w szpitalach na $wiecie i s3 jedng z gtéwnych przyczyn zachorowan i §miertelnoéci w spoteczen-
stwie. Infekcje wywolane przez szpitalne szczepy MRSA (health care-associated MRSA, HA-MRSA) dotycza gléwnie chorych z obnizong
odpornoécia i po zabiegach chirurgicznych. Ponadto wyrdznia si¢ populacje pozaszpitalnych szczepéw MRSA (acommunity-associated
MRSA, CA-MRSA) oraz populacje odzwierzecych szczepéw MRSA (livestock-associated MRSA, LA-MRSA). Leczenie zakazen o etiologii
MRSA, po wyczerpaniu mozliwosci standardowych antybiotykoterapii z zastosowaniem m.in. wankomycyny, opiera si¢ na leczeniu anty-
biotykami nowych generacji, takich jak m.in. dalbawacyna.
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1. Wprowadzenie

Staphylococcus aureus jest Gram-dodatnia bakteria,
o ksztalcie kulistym i wielkosci od 0,5-1,5 um [Bitrus
i wsp. 2018], nie wykazujgcg zdolnosci ruchu [Harris
i wsp. 2002]. Jako fakultatywny beztlenowiec, uzyskuje
energie z oddychania tlenowego lub na drodze fermen-
tacji. Optymalna temperatura wzrostu dla tej bakterii
miesci sie w zakresie 18-40°C [Gnanamani i wsp. 2017].
Na podlozu agarowym, bogatym w sktadniki odzywcze,
tworzy z6tte lub biale kolonie wielkosci od 1 do 4 mm,
a podczas wzrostu na plytkach agarowych z krwia,
kolonie czesto otoczone s3 strefa hemolizy [Bitrus
i wsp. 2018; Gnanamani i wsp. 2017]. Zétte zabarwienie
kolonii zwigzane jest ze zdolnoscig niektdrych szcze-
pow S. aureus do wytwarzania stafyloksantyny — karote-
noidowego pigmentu. Barwnik ten dziala jako czynnik
wirulencji, gléwnie jako bakteryjny przeciwutleniacz,
pomagajac komérkom bakteryjnym unikng¢ reaktyw-
nych form tlenu, ktére uklad odpornosciowy gospo-
darza wykorzystuje do zabijania patogenéw [Thomer
iwsp. 2016]. S. aureus toleruje wysokie stezenie chlorku
sodu przynajmniej do 15% [Ochiai 1999].

Zakazenia wywolane przez ten drobnoustrdj wyste-
puja zaréwno poza, jak i w $rodowisku szpitalnym
[Truszczynski 1 wsp. 2013; Turner i wsp. 2019]. Infek-
cje moga obejmowac praktycznie wszystkie narzady
i tkanki, stanowiac zagrozenie zycia [Turner i wsp.
2019]. Patogen, po wniknieciu do tkanek lub krwio-
obiegu, moze wywolywaé m.in. zapalenie pluc, kosci
i szpiku, wsierdzia, ucha srodkowego, stanowi ponadto
czesto przyczyne infekcji skdrnych oraz moze powo-
dowac¢ zatrucia pokarmowe [Algammal i wsp. 2020;
Garoy i wsp. 2019]. Niepokojacy jest fakt szybkiego
nabywania przez szczepy gronkowca zlocistego opor-
nosci na antybiotyki, co powoduje, ze leczenie zaka-
zen wywolanych tym patogenem stanowi powazne
wyzwanie dla wspolczesnej medycyny i epidemiologii
[Kobayashi i wsp. 2019]. S. aureus oporny na metycyline
(methicillin-resistant Staphylococcus aureus, MRSA)
jest jednym z wazniejszych bakteryjnych patogenéw
[Dadashi i wsp. 2018; Turner i wsp. 2019]. Okreslany
jest czesto mianem ,superbakterii” [Loewen i wsp.
2017]. Szacuje sig, ze okoto 50-70% szczepow S. aureus
izolowanych ze $rodowiska szpitalnego to szczepy
MRSA. Rocznie powodujg one blisko 100 000 przypad-
kow zakazen, z czego w samych Stanach Zjednoczonych
okoto 20% konczy sie zgonem [Abdolmaleki i wsp.
2019]. Szczepy MRSA i zakazenia wywolane tym pato-
genem stanowig powazny problem zdrowia publicz-
nego [Zasowski i wsp. 2017]. W raporcie z 2014 roku
Swiatowa Organizacja Zdrowia umiescita MRSA jako
jeden z siedmiu patogendw o globalnym zasiegu powo-
dujacym schorzenia o wysokim wskazniku $miertel-
noséci [Hamzah i wsp. 2019]. Ponadto szczepy gron-

kowca zfocistego opornego na metycyline zaczely prze-
nika¢ do réznych srodowisk, co dato poczatek popu-
lacjom: szpitalnych szczepéw MRSA (healthcare-
associated methicillin-resistant S. aureus, HA-MRSA),
pozaszpitalnych szczepéw MRSA (community-asso-
ciated methicillin-resistant S. aureus, CA-MRSA) oraz
odzwierzecych szczepéw MRSA (livestock-associated
methicillin-resistant S. aureus, LA-MRSA) [Garoy i wsp.
2019; Lee i wsp. 2018; Bal i wsp. 2016; Kizerwetter-
-Swida i wsp. 2017].

Zakazenia o etiologii HA-MRSA odnotowuje sie
gléwnie u pacjentow po zabiegach chirurgicznych oraz
z obnizong odpornoscia [Garoy i wsp. 2019; Lee i wsp.
2018; Bal i wsp. 2016; Kizerwetter-Swida i wsp. 2017].

Szczepy CA-MRSA odpowiadaja za zakazenia cha-
rakteryzujace sie niejednokrotnie cigzkim przebiegiem,
wynikajgcym z ich duzej zjadliwo$ci. Moga powodowac
infekcje tkanek migkkich, zaostrzenie objawdw atopo-
wego zapalenia skory, martwicze zapalenie powigzi,
martwicze zapalenie pluc, seps¢ oraz syndrom szoku
toksycznego. Czynnikami predysponujacymi do zaka-
zenia CA-MRSA s3 m.in. cukrzyca oraz dlugotrwata
terapia antybiotykowa (powyzej 6 miesiecy) [Price
i wsp. 2000]. W obrebie populacji CA-MRSA wyroz-
nia si¢ m.in. klony: USA200, USA300 oraz USA400,
a takze ST80. Izolaty CA-MRSA USA300 i USA400
posiadaja zdolnos¢ wytwarzania wysoce zapalnych
cytolizyn: a-toksyny, y-toksyny, §-toksyny, w przeci-
wienstwie do szczepéw USA200. Posiadajg takze
zdolnos¢ wytwarzania leukocydyny Panton-Valentine
(Panton Valentine Leukocidin, PVL). Ponadto USA300
zawiera gronkowcowg kasete chromosomalng mec
(staphylococcal cassette chromosome mec, SCCmec)
typ IV, co ttumaczy patogenny charakter tego szczepu
[Schlievert i wsp. 2010].

Kolejng grupe stanowia szczepy LA-MRSA, ktére
poczatkowo sporadycznie stwierdzano u zwierzat
gospodarskich, jednak od 2005r. drobnoustroje te
coraz czeséciej opisywano u trzody chlewnej, a z cza-
sem ich wystepowanie zacz¢to odnotowywac u ludzi
[Alen i wsp. 2016]. Odzwierzece szczepy MRSA powo-
duja najczesciej zakazenia uktadu oddechowego, tkanek
miekkich oraz skéry [Van Cleef i wsp. 2011].

Jak wspomniano wcze$niej, gronkowce posiadaja
zdolnos$¢ do wytwarzania wielu czynnikéw patogen-
nosci (w tym toksyn oraz enzymoéw). Wymieniona juz
leukocydyna PVL jest dwuskladnikowa cytotoksyna,
nalezacg do rodziny biatek tworzacych pory w blonach
komorek docelowych. Zdolnos¢ do wytwarzania tok-
syny Panton-Valentine jest warunkowana wystepowa-
niem genéw [ukS-PV oraz lukF-PV, znajdujacych sie
w obrebie profaga ¢pSa2. Szczepy S. aureus wytwarzajace
PVL mogg powodowa¢ m.in. ostre martwicze zapale-
nia pluc, a takze zmiany ropne i martwicze skory oraz
innych tkanek [Ma i wsp. 2012].
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Kolejne wazne czynniki patogennosci to: koagu-
laza wolna i zwigzana (clumping factor, CF) powodu-
jace wykrzepianie osocza; receptory wigzace macierz
zewngtrzkomoérkows (extracellular matrix, ECM), pel-
nigce role w adhezji gronkowcéw do tkanek gospodarza;
toksyny, do ktérych naleza m.in. cytolizyny gronkow-
cowe zaliczane do toksyn porotwérczych (pore-forming
toxins, PFT) wytwarzane w postaci rozpuszczalnych
w wodzie monomeréw biatkowych, konwertujacych
do form wbudowujacych sie w strukture bton komérek
docelowych; toksyny epidermolityczne (eksfoliatyna 1
i 2) powodujace uszkadzanie naskorka; enterotoksyny;
toksyna pirogenna TSST-1 (toxic shock syndrome
toxin-1), bedaca najczestsza przyczyna zespotu wstrzasu
toksycznego. Dodatkowo wazng role w patogennosci
gronkowcow odgrywaja: fibrynolizyna (stafylokinaza),
powodujaca rozpuszczanie skrzepdw krwi; powierzch-
niowe biatko A, chronigce komérki gronkowca przed
fagocytozg poprzez wigzanie si¢ z fragmentem Fc immu-
noglobulin; hialuronidaza, ulatwiajgca rozprzestrzenia-
nie bakterii poprzez rozkladanie kwasu hialuronowego
w tkance tacznej; DNazy; lipazy; proteazy; ureazy; sta-
tyloferyny (siderofory) [Lopaciuk i wsp. 2012].

Wspomniane powyzej czynniki determinujg zjad-
liwo$¢ szczepow S. aureus, powodujac ciezkie do
wyleczenia infekcje. Ponadto efektywny horyzontalny
transfer genéw S.aureus umozliwia ich doskonate
przystosowanie do warunkéw panujacych w srodowi-
sku oraz nabywanie genéw opornosci na antybiotyki
[Lindsay i wsp. 2010].

Pierwszym antybiotykiem, wykrytym w 1929 roku
przez Aleksandra Fleminga, byla penicylina. Antybio-
tyk ten istotnie zmienit rokowania u chorych z zaka-
zeniami, przyczyniajac si¢ do zmniejszenia umieral-
nosci z powodu infekeji, jednak powszechne stosowa-
nie penicylin bylo przyczyna pojawienia si¢ szczepow
S. aureus opornych na te leki. W 1959 roku do prak-
tyki klinicznej wprowadzono nowy, polsyntetyczny
antybiotyk B-laktamowy — metycyline, ale po roku od
jej zastosowania wyosobniono pierwsze szczepy mety-
cylinooporne [Harkins i wsp. 2017]. Gen warunkujgcy
oporno$¢ na metycyline prawdopodobnie zostat nabyty
znacznie wczesniej niz wprowadzono ten antybiotyk
do leczenia, tj. w polowie lat czterdziestych ubieglego
wieku w okresie nadmiernego stosowania penicylin.
Wskazuje to, iz w rzeczywistoéci szerokie stosowanie
penicylin (a nie metycyliny), doprowadzito do selek-
cji szczepow MRSA [Harkins i wsp. 2017; Lee i wsp.
2018]. Opornos¢ tych szczepdw na wigkszo$¢ antybio-
tykow B-laktamowych wynika z obecnosci w $cianie
komoérkowej biatka wigzacego penicyling 2a (penicil-
lin-binding protein 2a, PBP2a), wykazujacego niskie
powinowactwo do B-laktamow [Andrade-Figueiredo
i wsp. 2016; Foster i wsp. 2019; Gostev i wsp. 2017;
Panchal i wsp. 2020; Turner i wsp. 2019]. Biatko to jest
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kodowane przez gen mecA, zlokalizowany na chro-
mosomie bakteryjnym i stanowi cz¢$¢ regionu gron-
kowcowej kasety chromosomalnej SCCmec [Alkharsah
i wsp. 2018; Andrade-Figueiredo i wsp. 2016; Foster
i wsp. 2017; Gostev i wsp. 2017; Panchal i wsp. 2020;
Turner i wsp. 2019]. Oporno$¢ na metycyling moze by¢
réwniez warunkowana obecnoscig genu mecC, beda-
cego homologiem genu mecA [Ciesielczuk i wsp. 2019].
U S. aureus opisano takze wystepowanie plazmidowego
genu mecB, ktérego obecnos¢ pierwotnie odnotowano
u Macrococcus caseolyticus [Becker i wsp. 2018]. Wska-
zuje to na mozliwo$¢ transferu kodowanej przez mecB
opornosci na B-laktamy pomiedzy réznymi rodzajami
bakterii [Schwendener i wsp. 2017]. Gronkowiec ztoci-
sty oporny na metycyline jest dodatkowo niewrazliwy
m.in. na tetracykliny, czesto takze na aminoglikozydy,
fluorochinolony i chloramfenikole, makrolidy, linkoza-
midy, ciproflokascyne [Kot i wsp. 2020]. Na przetomie
ostatnich lat opracowano zaledwie kilka antybiotykow
aktywnych wobec szczepéw MRSA, m.in.: ceftobiprol,
ceftaroling, orytawancyne, dalbawancyne oraz dela-
floksacyne, daptomycyne, linezolid, tygecykline, co
powoduje, ze infekcje o tej etiologii cechuja sie wyso-
kim wskaznikiem $miertelno$ci [Turner i wsp. 2019;
Lee i wsp. 2018; Giulieri i wsp. 2020].

2. Kolonizacja réznych czesci ciala czlowieka
przez S. aureus

Gronkowiec zlocisty zaliczany jest do organizméw
oportunistycznych, ktore w sprzyjajacych warunkach
wywoluja zakazenie. Wrotami umozliwiajacymi zainfe-
kowanie organizmu mogg by¢ pekniete naczynia krwio-
no$ne lub uszkodzona skdra [Polgreen i wsp. 2004].
Kolonizacja ciala szczepami S. aureus wystepuje u ludzi
w kazdym wieku. Badania przeprowadzone na oddzia-
tach noworodkowych wskazujg najczestsze nosicielstwo
S. aureus (80-100%) u noworodkéw okoto 10 doby zycia.
Okolo 1-2 roku zycia odsetek ten zmniejsza sie do 20%.

Nosicielstwo S. aureus moze mie¢ charakter staly
(10-20% populacji) albo okresowy (20-70% popula-
cji) [Weems i wsp. 2002]. Znaczna wigkszos¢ dzieci
jest nosicielami stalymi, natomiast dorosli wykazuja
tendencje przemijajaca. Modyfikacja nosicielstwa sta-
tego w okresowe zachodzi miedzy 10 a 20 rokiem zycia
[El-Jakee i wsp. 2008]. Okres nosicielstwa S. aureus
zalezy od wieku chorego, wystepowania towarzyszacej
choroby przewleklej, tj. niewydolnosci nerek, defek-
tow ukfadu immunologicznego, uwarunkowan gene-
tycznych oraz dlugosci czasu hospitalizacji pacjenta
[Karynski i wsp. 2012].

Stwierdza sie, ze pacjenci z fagodnymi infekcjami
skory cechuja si¢ wyzsza czestoscia kolonizacji S. aureus
w poréwnaniu do oséb z nieprzerwang ciagloscia
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skory [Polgreen i wsp. 2004]. Osoby bedace nosicie-
lami S. aureus moga by¢ zrédlem zakazenia u oséb
nieskolonizowanych, zwlaszcza dzieci i 0s6b starszych
[Hatcher i wsp. 2016]. Najczestszym miejscem koloni-
zacji szczepami gronkowca zlocistego jest przedsionek
nosa [Hassoun i wsp. 2017]. Nosicielstwo w nozdrzach
przednich wystepuje u okoto 25-30% zdrowej populacji
[Mertz i wsp. 2007; Lu i wsp. 2018]. Kolonizacja pozo-
stalych miejsc ciata szczepami S. aureus moze dotyczy¢
odbytnicy, krocza, pachwin oraz gardta. Tym samym
pobieranie wymazow wylacznie z nosa moze by¢ nie-
wystarczajace do oceny nosicielstwa [Hassoun i wsp.
2017] (czulo$¢ takiego badania oscyluje w granicach
66%) [Turner i wsp. 2019]. Pobieranie prébek z wiecej,
niz jednego miejsca ciata skutkuje wyzszymi wskaz-
nikami wykrywalnoéci kolonizacji szczepem MRSA
w testach przesiewowych opartych na technice PCR
[Hombach i wsp. 2010].

Badania wskazuja, ze pacjenci z egzema sg bardziej
narazeni na kolonizacje S.aureus niz osoby zdrowe
[Totté i wsp. 2016]. Okolo 90% powierzchni skory
u pacjentow z atopowym zapaleniem skory jest skoloni-
zowanych przez S. aureus [Hepburn i wsp. 2016]. Kolo-
nizacja skory szczepami MRSA u o0séb z atopowym
zapaleniem skory zmienia sklad mikrobioty, zaréwno
u dzieci, jak i dorostych, prowadzac do zmniejszenia
liczby bakterii komensalnych, wystepujacych na skérze
[Shiiwsp. 2018]. Ponadto kolonizacja organizmu szcze-
pami MRSA moze przyczyniac si¢ do czterokrotnego
zwigkszenia ryzyka infekcji w poréwnaniu do ryzyka
zakazen szczepami metycylinowrazliwymi (methicillin-
-sensitive S. aureus, MSSA) [Safdar i wsp. 2008]. Nosi-
cielstwo MRSA wynosi 0,2% u o0so6b, ktére nie miaty
wczesniejszego kontaktu ze srodowiskiem szpitalnym,
natomiast wsrdd pozostaltych oséb, w tym personelu
medycznego, jest ono wyzsze i wynosi od 3% do 40%
w zaleznosci od regionu $wiata [Neradova i wsp. 2020;
Deepashree i wsp. 2021]. Do transmisji MRSA w szpi-
talach dochodzi gtéwnie przez rece personelu medycz-
nego [Solberg i wsp. 2000].

U kobiet czynnikami zwiekszajacymi ryzyko kolo-
nizacji MRSA s3 wiek powyzej 60 lat, zycie w ubdstwie
oraz cukrzyca. U mezczyzn zasadniczym czynnikiem
jest kontakt ze $rodowiskiem szpitalnym [Hassoun
iwsp. 2017]. Do 0s6b narazonych na zwigkszone ryzyko
kolonizacji naleza ponadto sportowcy, osoby przebywa-
jace w zakladach karnych, dzieci, wlasciciele zwierzat
oraz osoby majace czesty kontakt z placoéwkami stuzby
zdrowia [Turner i wsp. 2019]. Na oddziatach neona-
tologii i intensywnej terapii noworodka gléwnymi
czynnikami zwigzanymi z kolonizacja MRSA u nowo-
rodkow sg m.in. nizsza masa urodzeniowa oraz wczes-
niactwo [Nelson i wsp. 2012]. Czesto$¢ wystepowania
kolonizacji nosa MRSA w tej grupie wynosi od 2% do
4% [Zervou i wsp. 2014].
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Rezerwuarem gronkowca zlocistego, w tym izolatéw
metycylinoopornych, moze by¢, oprdécz wymienionych
wczeéniej obszardw ciala, takze jama ustna oséb doro-
stych z objawami infekcji w jej obrebie. W jamie ustnej
czestos¢ wystepowania MRSA wynosi do kilkunastu
procent, co uzasadnia potrzebe diagnostyki mikrobio-
logicznej i monitorowania kolonizacji S. aureus w sto-
matologii [Kwapisz i wsp. 2017].

3. Wystepowanie MRSA na kontynencie europejskim

Zakazenia szczepami MRSA dotykaja ponad
150 000 pacjentéw rocznie w calej Unii Europejskiej
[Garoy i wsp. 2019; Kot i wsp. 2020; Piechota i wsp.
2018]. W 2018 roku $redni odsetek szczepow MRSA
wynosil 16,4% [Ziétkowski i wsp. 2020]. Wystepowa-
nie infekcji powodowanych przez MRSA wykazuje
pewng zalezno$¢ geograficzng i jest nizsze w Europie
PéInocnej, natomiast wyzsze w Europie Poludniowo-
-Wschodniej i Potudniowej [Pomorska-Wesotowska
i wsp. 2017]. W 2020r. dziewie¢ (23%) z 40 krajow
europejskich zglaszalo odsetek wystepowania szcze-
poéw MRSA ponizej 5%, byly to: Austria, Dania, Fin-
landia, Estonia, Holandia, Luksemburg, Norwegia,
Szwajcaria i Szwecja. Natomiast odsetek réwny lub
wigkszy niz 25% odnotowano w 10 (25%) krajach euro-
pejskich, takich jak: Bialorus, Cypr, Chorwacja, Grecja,
Wlochy, Macedonia Péinocna, Portugalia, Rumunia,
Turcja i Serbia [World Health Organization: Antimi-
crobial 26.01.2022].

Na kontynencie europejskim wigkszo$¢ szpital-
nych zakazen MRSA powodowana jest przez szczepy
HA-MRSA, natomiast duzy rezerwuar szczepéw LA-
-MRSA (gtéwnie klonu ST398), stanowia zwierzeta
hodowlane ($winie, dréb, bydlo, konie) [Hetem i wsp.
2016]. Szczepy LA-MRSA moga by¢ przenoszone na
ludzi poprzez bezposredni kontakt ze zwierzetami
hodowlanymi, co dowodzi, ze posiadaja zdolnos¢
przetamywania bariery gatunkowej, ale udokumen-
towano réwniez przypadki wystepowania szczepdw
LA-MRSA u oséb, ktére nie mialy wczesniejszego
kontaktu z zywym inwentarzem [Lee i wsp. 2018; Van
Alen i wsp. 2016]. Kolonizacja szczepami LA-MRSA
wsérdd ludzi bywa na ogét bezobjawowa i przemija-
jaca [Sharma i wsp. 2016]. Natomiast dominujaca linie
szczepow CA-MRSA w Europie stanowi klon ST80,
ktory prawdopodobnie wywodzi si¢ od szczepdéw gron-
kowca ztocistego wrazliwego na metycyline wytwarza-
jacego toksyne PVL, a pochodzacego z regiondéw Afryki
Subsaharyjskiej [Figueiredo i wsp. 2017; Kizerwetter-
-Swida i wsp. 2017].

W 2018 roku $redni odsetek wystepowania szcze-
poéw MRSA w Polsce wynosil 15,8% [Ziétkowski i wsp.
2020]. W badaniach przeprowadzonych w Szpitalu
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Uniwersyteckim nr 2 w Bydgoszczy w latach 2015-2017
+ rozpoznano 8/212 (3,77%) przypadkow zakazen
szpitalnych o etiologii MRSA w 2015 roku, 14/272
(5,14%) zakazen w 2016 roku i 5/268 (1,86%) przy-
padkow zakazen w 2017 roku [Kuziemski i wsp.
2018]. Zakazenia szpitalne o etiologii MRSA w szpi-
talach w potudniowej Polsce wystepowaly czesciej na
oddziatach intensywnej opieki medycznej (36,8%)
niz na oddziatach innych niz OIOM. Ponadto czes-
to$¢ wystepowania MRSA rdznila si¢ w zaleznosci od
wieku pacjentéw i wynosila 14,1% u pacjentow w wieku
60-74 lat oraz 19,5% u pacjentéw powyzej 75 roku zycia
[Pomorska-Wesotowska i wsp. 2017].

4. Wystepowanie MRSA na kontynencie amerykanskim

W Stanach Zjednoczonych zakazenia wywolane
szczepami MRSA powoduja rocznie wigkszg liczbe
zgondéw niz jakikolwiek inny czynnik etiologiczny
[Alkharsah i wsp. 2018]. Wedlug danych amerykan-
skiego Centrum Zwalczania i Zapobiegania Chorobom
(Centers for Disease Control and Prevention, CDC)
w 2019 roku MRSA byl odpowiedzialny za 119000
infekeji i 20 000 zgonéw w USA [Kourtis i wsp. 2019].
W szpitalnych oddziatach ratunkowych drobnoustroj
ten stanowi najczestsza przyczyne zakazen skory i tka-
nek miekkich (Skin and Soft Tissue Infections, SSTTs).
Sytuacja ta zwigzana jest w duzej mierze z pojawieniem
sie w 2000 roku szczepu CA-MRSA, w szczegdlnosci
klonu USA300 [Lee i wsp. 2018]. Klon ten jest dominu-
jacym w Stanach Zjednoczonych w zakazeniach o etio-
logii CA-MRSA [Figueiredo i wsp. 2017].-

5. Wystepowanie MRSA w krajach Azji i Pacyfiku

Azja stanowi jeden z obszaréw o najwigkszej czes-
tosci wystepowania MRSA na $wiecie. Od 1980 roku
obserwuje si¢ tu ciagly wzrost czgstosci izolacji tych
szczepow w placowkach opieki zdrowotnej [Junie i wsp.
2018]. W Arabii Saudyjskiej nosicielstwo MRSA wéréd
pracownikow stuzby zdrowia jest szeroko rozpowszech-
nione i wynosi 76% [Iyer i wsp. 2014]. Na Bliskim
Wschodzie opornos¢ na metycyline wykazuje okolo
70% szpitalnych izolatow S. aureus, a ponad 85% przy-
padkow zapalenia ptuc na Potwyspie Arabskim wywo-
tanych jest szczepami MRSA [Zigmond i wsp. 2014].

W prowingji Yunnan, w Chinach, 60% zakazen
o etiologii S. aureus jest spowodowane przez szczepy
metycylinooporne, a gtéwna przyczyng zakazen szpi-
talnych sg klony ST239 i ST59 [Liao i wsp. 2020].
Podobny odestek odnotowuje si¢ w Korei Poludniowej
[Song i wsp. 2013]. W 2017 roku w Szanghaju wskaznik
izolacji MRSA wynosit okoto 49% [Hu i wsp. 2018],

natomiast w Nepalu, wedlug najnowszych badan, drob-
noustroje te odpowiadaja za ponad jedng trzecig wszyst-
kich zakazen o etiologii S. aureus [Khanal i wsp. 2021].
Réwniez w Indiach, wedtug badan przeprowadzonych
w 2017 roku przez Indyjska Rade Badan Medycznych
(Indian Council of Medical Research, ICMR), czesto$¢
wystepowania MRSA wynosifa ponad 37%. W krajach
Rady Wspolpracy Zatoki Perskiej w latach 2005-2019
wskaznik zakazen spowodowanych szczepami metycy-
linoopornymi wahat si¢ od 9% do 38% [Tabaja i wsp.
2021]. Natomiast spadek zakazen o tej etiologii obser-
wuje si¢ w Japonii i na Tajwanie, dzigki wdrozeniu
m.in. odpowiednich praktyk kontroli zakazen MRSA
[Sit i wsp. 2017].

6. Wystepowanie MRSA na kontynencie
afrykanskim

W krajach afrykanskich, takich jak Nigeria, Sene-
gal, Etiopia, Republika Poludniowej Afryki, Kenia oraz
Sudan Potudniowy, pojawienie si¢ szczepéw MRSA
zaobserwowano w polowie lat 80-tych ubiegtego wieku
[Iliya i wsp. 2020]. Badania przeprowadzone w latach
2014-2020 pokazuja, ze gtéwnymi klonami wystepuja-
cymi w Afryce sg: CC5, CC8 i CC88 [Lawal i wsp. 2022].
W szpitalach Afryki Subsaharyjskiej MRSA stanowi
gléwny czynnik zakazen noworodkéw [Okomo i wsp.
2019]. W Kenii czesto$¢ izolacji MRSA jest zrdznico-
wana i wynosi od 1% do 84,1%, w zaleznosci od lokali-
zacji miejsca infekeji [Nyasinga i wsp. 2022].

7. Leczenie zakazen wywolanych szczepami MRSA
7.1. Bakteriemie i zapalenie wsierdzia

Czesto$¢ wystepowania bakteriemii spowodowanej
szczepami MRSA ulegla zmniejszeniu w ciggu ostat-
niej dekady. Mimo tego, nadal wigze si¢ ona z gorszymi
rokowaniami w poréwnaniu z infekcjami wywotywa-
nymi szczepami MSSA.

Lekiem pierwszego rzutu w leczeniu bakteriemii
MRSA jest wankomycyna [Hassoun i wsp. 2017], jed-
nak od 1997 roku izoluje si¢ szczepy o zmniejszonej
wrazliwosci na wankomycyne (vancomycin interme-
diate Staphylococcus aureus, VISA), a od roku 2002
takze szczepy oporne na wankomycyne (vancomycin
resistant Staphylococcus aureus, VRSA) [Giulieri i wsp.
2020]. Badania prowadzone na szczepach VISA wyka-
zaly obecno$¢ zmian w strukturze ich $ciany komor-
kowej. Skladajaca si¢ z peptydoglikanu $ciana u tych
szczepOw jest grubsza, niz u szczepow wrazliwych
na wankomycyne, co utrudnia wnikanie antybiotyku
do komorki [Sadowy i wsp. 2021]. Zasadnicza role
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w powstawaniu zmodyfikowanej $ciany komdrkowej
pelnig mutacje w regionie walKR (znanym réwniez jako
vicKR, micAB, yycGF), bioragcym udziat w kontrolowa-
niu procesu syntezy $ciany komoérkowej [Howden i wsp.
2011]. Natomiast szczepy VRSA niosg kopie transpo-
zonu Tn1546, nabytego od opornych na wankomycyne
szczepow Enterococcus faecalis. Transpozon posiada-
jacy geny kodujace opornosé¢ typu VanA, koduje dehy-
drogenaze (VanH), redukujacg pirogronian do D-Lac
iligaze VanA, katalizujacg powstawanie wigzania estro-
wego pomiedzy D-Ala i D-Lac. W wyniku tego dipep-
tyd D-Ala-D-Ala jest zastepowany przez depsypeptyd
D-Ala-D-Lac, co zmniejsza powinowactwo dla wanko-
mycyny [Depardieu i wsp. 2007].

Leczenie wankomycyng moze przysparzaé¢ wiele
trudnosci i wigze si¢ z ryzykiem rozwoju neurotok-
sycznosci [Hassoun i wsp. 2017, Neely i wsp. 2014].
Dodatkowo, czynnikami ograniczajacymi efektyw-
nos$¢ leczenia wankomycyna sa: staba penetracja do
tkanek i powolna aktywnos¢ bakteriobdjcza [Hassoun
iwsp. 2017].

Oprécz wankomycyny, w leczeniu bakteriemii
o etiologii MRSA oraz prawostronnego zapalenia
wsierdzia, stosuje si¢ daptomycyne. Daptomycyna
zakltoca funkcjonowanie blony komérkowej, poprzez
m.in. wigzanie si¢ z nia, co powoduje jej szybka depo-
laryzacje. Dodatkowo hamuje synteze DNA, RNA
i biatek, co ostatecznie prowadzi do $mierci komorki
[Heidary i wsp. 2018]. Daptomycyna nie powinna
by¢ jednak uzywana w leczeniu bakteriemii wtdrnej,
ktorej towarzyszy zapalenie ptuc, gdyz jest ona inakty-
wowana przez surfaktant ptucny. Ponadto wczesniej-
sze leczenie wankomycyna moze sprzyja¢ powstawaniu
opornosci na daptomycyne u S. aureus [Hassoun i wsp.
2017]. Stwierdzono, ze oporno$¢ na daptomycyne regu-
luja mutacje w genie mprF [Ernst i wsp. 2019]. Lecze-
nie bakteriemii wankomycyna lub daptomycyna
u okolo 30-50% pacjentéw konczy si¢ niepowodzeniem
[Mikkaichi i wsp. 2019].

Kolejnym antybiotykiem stosowanym w leczeniu
bakteriemii o etiologii MRSA jest teikoplanina [Hol-
land i wsp. 2014; Yoon i wsp. 2014]. Zwiazek ten jest
duza molekulg, hamujacg synteze $ciany komorko-
wej bakterii, poprzez tworzenie wigzan wodorowych
z D-alanylo-D-alaning [Schmitz i wsp. 1997].

Najnowsze badania in vitro, przeprowadzone na
modelu zwierzecym, daly pozytywne efekty w lecze-
niu zapalenia wsierdzia o etiologii MRSA poprzez
zastosowanie skojarzonej terapii z uzyciem daptomy-
cyny i fosfomycyny [Garcia-de-la-Maria i wsp. 2018].
Fosfomycyna jest pochodng kwasu fosfonowego, o sze-
rokim spektrum dzialania, nie wykazujacg opornosci
krzyzowej z innymi antybiotykami, co wigcej wykazuje
aktywnos¢ wobec wigkszosci szczepdw MRSA [Dadej
i wsp. 2009; Shaw i wsp. 2015].
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Kolejnym antybiotykiem, dajagcym nadzieje na efek-
tywne leczenie bakteriemii, jest ceftarolina stosowana
w monoterapii lub w polaczeniu z innym antybioty-
kiem przeciwgronkowcowym [Hassoun i wsp. 2017].
Cefalosporyny, do ktorej nalezy ceftarolina, hamuja
synteze $ciany komorkowej bakterii, w szczegdlnosci
peptydoglikanu. Ceftarolina jest nowa cefalosporyna
o szerokim spektrum dzialania obejmujacym szczepy
MRSA, ze wzgledu na silne powinowactwo do biatek
PBP, w tym PBP2a. Antybiotyk ten hamuje synteze
$ciany komdrkowej bakterii, w szczegdlnosci peptydo-
glikanu. Leczenie ceftaroling daje pozytywne efekty
u blisko 70% pacjentéw [Auer i wsp. 2017; Villegas-
-Estrada i wsp. 2008].

Dobre efekty w leczeniu bakteriemii uzyskuje sie
takze w przypadku stosowania linezolidu, ktory jest
antybiotykiem oksazolidynonowym [Hassoun i wsp.
2017]. Linezolid uniemozliwia biosynteze biatek
poprzez hamowanie powstawania kompleksu inicjato-
rowego translacji w rybosomach bakteryjnych [Foster
i wsp. 2017]. Ponadto, hamuje ekspresje niektérych
czynnikéw wirulencji (koagulazy i a-hemolizyny)
wytwarzanych przez S.aureus [Madry i wsp. 2004].
Najnowsze dane wskazuja, ze grupa antybiotykow
bakteriostatycznych w leczeniu bakteriemii o etiologii
MRSA moga by¢ linkozamidy, szczegdlnie u mtodych
pacjentéw, w stanie stabilnym [Guthridge i wsp. 2021].

7.2. Zapalenie pluc

Opgje terapeutyczne dostepne w leczeniu zapalenia
pluc o etiologii MRSA s3 do$¢ ograniczone. Zgodnie
z wytycznymi Amerykanskiego Towarzystwa Choréb
Zakaznych (Infectious Diseases Society of America,
IDSA) z 2011 roku [Liu i wsp. 2011a, 2011b] w przy-
padku zapalenia pluc wywolanego przez HA-MRSA,
antybiotykami pierwszego rzutu s3: dozylnie podawana
wankomycyna, doustnie lub dozylnie podawany linezo-
lid oraz klindamycyna [Eliakim-Raz i wsp. 2017]. Line-
zolid wykazuje dobra penetracje do tkanek. Ponadto
terapia linezolidem moze zmniejszaé ryzyko zgonu
pacjenta, w poréwnaniu do terapii wankomycyna
[Wilke i wsp. 2017]. Stosowanie linezolidu jest jednak
ograniczone mozliwymi interakcjami lekowymi oraz
dzialaniami niepozadanymi wynikajacymi z diugo-
trwalej terapii, takimi jak m.in. mielosupresja, neuro-
patia, podwyzszenie stezenia enzyméw watrobowych,
leukopenia, pancytopenia, trombocytopenia. Ponadto,
po wprowadzeniu antybiotyku do lecznictwa, zaobser-
wowano obnizenie wrazliwosci szczepdw S. aureus na
linezolid, a takze pojawily si¢ doniesienia o wyizolowa-
niu szczepéw MRSA opornych na ten lek [Michalska
i wsp. 2006; Shaw i wsp. 2011].

W leczeniu zapalenia pluc o etiologii MRSA stosuje
sie takze trimetoprim w polaczeniu z sulfametoksazo-
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lem. Sulfametaksazol nalezacy do grupy sulfonamidéw,
stanowi antybiotyk o szerokim spektrum dzialania,
wykazujacy dzialanie bakteriostatyczne. Trimetoprim
réwniez wykazuje silne dziatanie bakteriostatyczne
i wzmacnia aktywnos$¢ sulfametaksazoulu poprzez
zahamowanie przeksztalcania kwasu dihydrofoliowego
w tetrahydrofoliowy [Eliakim-Raz i wsp. 2017].

Nowa opcje terapeutyczng w leczeniu szpitalnego
zapalenia pluc oraz respiratorowego zapalenia pluc sta-
nowi telawancyna, nalezgca do grupy bakteriobdjczych
lipopeptydéw, hamujaca synteze $ciany komodrkowej
bakterii. Jednak jej stosowanie powinno by¢ ograni-
czone i zalecane wylacznie w przypadku wyczerpania
dostepnych skutecznych metod leczenia [Rodvold
i wsp. 2014].

7.3. Zapalenie szpiku

MRSA jest przyczyna zapalenia szpiku w 10-59%
przypadkow tego typu zakazen o etiologii S. aureus
[Jerzy i wsp. 2018]. Wytwarzanie biofilmu przez gron-
kowca zlocistego komplikuje leczenie infekeji kosci
[Turner i wsp. 2019]. Komorki bakteryjne bedace
w strukturze biofilmu wykazuja od 10 do 1000 razy
wigksza opornos¢ na $rodki przeciwdrobnoustrojowe,
niz komorki planktonowe [Zhang i wsp. 2021].

Leczenie przewlektego zapalenia szpiku kostnego
polega na chirurgicznym oczyszczeniu kosci martwiczej
w polaczeniu z dlugotrwalg antybiotykoterapig [Zhang
iwsp. 2021]. Antybiotykiem pierwszego rzutu jest wan-
komycyna, mimo do$¢ stabej efektywnosci leczenia,
wynikajacej z niskiej penetracji do kosci [Turner i wsp.
2019]. Bardzo dobra penetracje do kosci wykazuje nato-
miast linezolid, ze skutkami ubocznymi wspomnianymi
powyzej [Turner i wsp. 2019]. Oprécz wymienionych
antybiotykéw wleczeniu zapalenia kosci i szpiku o etio-
logii MRSA wykorzystuje si¢ daptomycyne. Ponadto,
najnowsze badania, opierajgce si¢ na modelu zwierze-
cym wykazaty, ze dalbawacyna jest skutecznym antybio-
tykiem w leczeniu zakazenia kosci piszczelowej o etio-
logii MRSA u szczura [Silva i wsp. 2020]. Wykazuje ona
réwniez aktywnos$¢ wobec szczepow VISA [Juul i wsp.
2016]. Kolejnym antybiotykiem, dajagcym nadzieje na
pomyslne leczenie zapalenia szpiku jest, dzialajaca bak-
teriobdjczo, ceftarolina. Nalezy jednak pamietac, ze jej
stosowanie moze wywolywac wiele reakeji nieporzada-
nych [Lalikian i wsp. 2017].

7.4. Zakazenia skory i tkanek migkkich

Powiklane zakazenia skéry i tkanek migkkich (com-
plicated Skin and Soft Ttissue Infections, cSSTI) stano-
wig ciezka posta¢ infekeji, obejmujacej glebsze tkanki
miekkie. Skutecznym antybiotykiem w jej leczeniu jest
wankomycyna, ktérej efektywnos¢ poréwnywalna jest
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do antybiotykdw nowszej generacji (linezolid, tygecy-
klina, daptomycyna, dalbawancyna, oritawancyna), jed-
nakze staba penetracja do glebszych tkanek powoduje
obnizenie skutecznosci leczenia cigzkich przypadkow
cSSTI. Linezolid stanowi nowszg alternatywe dla gliko-
peptydowych srodkéw przeciwdrobnoustrojowych,
zatwierdzong do stosowania w przypadku ciezkich
cSSTI o etiologii MRSA [Leong i wsp. 2018]. Innymi
skutecznymi antybiotykami sg ceftarolina, dalbawan-
cyna i oritawancyna [Tirupathi i wsp. 2019]. Leczenie
moze obejmowac jedng lub dwie dawki wymienionych
antybiotykow [Agarwal i wsp. 2018]. Omadacyklina,
nalezaca do nowej generacji tetracyklin, rowniez wyka-
zuje aktywno$¢ przeciwko szczepom MRSA i moze by¢
stosowana w leczeniu SSTI [Tirupathi i wsp. 2019].

Nowymi antybiotykami, przeciwko bakteriom Gram-
dodatnim, w tym szczepom gronkowca zlocistego opor-
nego na metycyline, s3 malacydyny. Obecnie prowadzi
sie wiele badan w kierunku zastosowania tych zwigz-
kow w terapii. Antybiotyki te, wykryte w prébkach
gleby i przetestowane in vivo na zwierzetach z zakaze-
niami skory, skutecznie hamowaty dalszy rozwoj infek-
cji o etiologii MRSA [Hover i wsp. 2018].

8. Podsumowanie

Penicylina, pierwszy odkryty antybiotyk, zasadniczo
zmienila rokowania u chorych z zakazeniami i przyczy-
nita sie do zmniejszenia umieralnosci z powodu infekcji
bakteryjnych, jednak pojawienie sie szczepéw opornych
na rézne grupy antybiotykow, w tym szczepdw MRSA,
i dynamiczne ich rozprzestrzenianie na $wiecie, ogra-
niczylo mozliwo$ci terapeutyczne.

Problem bakterii antybiotykoopornych dotyka
zaréwno panstw wysoko rozwinietych, jak i krajow
o niskich dochodach. Przewiduje sig, ze do 2050 roku,
przy braku rozwoju nowych terapii, $miertelnosé¢
powodowana nieuleczalnymi infekcjami, wywotanymi
przez antybiotykooporne bakterie, w tym MRSA, moze
wzrosng¢ ponad dziesigciokrotnie [van Hal i wsp.].
W 2017 roku eksperci Swiatowej Organizacji Zdrowia
(World Health Organization, WHO) uznali MRSA za
jeden z wazniejszych organizmoéw wieloantybiotyko-
opornych i tym samym podkreslili potrzebe zwieksze-
nia wysitkow w zakresie poszukiwan i badan nowych
antybiotykow, a takze innowacyjnych metod profilak-
tycznych, skierowanych przeciwko tym drobnoustro-
jom. Populacje szczepéw MRSA nieustannie ulegaja
dynamicznym zmianom, co prawdopodobnie wynika
z presji selekcyjnej antybiotykéw, jak réwniez z przeno-
szenia klonow epidemicznych miedzy réznymi $rodo-
wiskami. Dlatego zapobieganie rozprzestrzenianiu sie
szczepéw MRSA oraz zwalczanie zakazen o tej etiologii
wymaga wielokierunkowych dziatan.
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