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Since late 2019, SARS-CoV-2 has diversified into
numerous lineages, driving recurrent global waves of
COVID-19. This narrative review synthesizes evidence on
the evolutionary dynamics of SARS-CoV-2 with emphasis
on Omicron subvariants, including JN.1 and its descendants,
and emerging 2025 lineages (Nimbus and Stratus).

We summarize major mechanisms shaping viral
diversification — mutation/antigenic drift, recombination, and
prolonged infection in immunocompromised hosts (including
people living with HIV) — that can promote stepwise
accumulation of immune-escape mutations.

The review covers literature and genomic surveillance
reports from 2019-2025 (WHO resources, GISAID,
outbreak.info, PubMed/Scopus) and focuses on mutation
profiles of key variants, global prevalence trends, and
Ukraine-specific context.

A dedicated section addresses why Ukraine — despite
a relatively high HIV burden in Eastern Europe — has not
been recognized as a major source of globally dominant
variants of concern. Contributing factors discussed include
limited sequencing coverage, reduced travel/export
potential, expansion of ART, and stochastic and structural
determinants required for widespread dissemination of
newly arising lineages.We conclude that ongoing immune
escape remains likely, underscoring the need for robust
genomic surveillance, timely vaccine/therapeutic updates,
and integration of COVID-19 monitoring with HIV services.
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The COVID-19 pandemic has been characterized by
waves of infection driven by successive SARS-CoV-2
variants of concern (VOCSs). Since the ancestral Wuhan-
Hu-1 strain was first described in December 2019, the virus
has diversified into thousands of lineages [1, 2]. Among
them, Alpha (B.1.1.7), Delta (B.1.617.2), and Omicron
(B.1.1.529 and its sublineages) have produced the largest
global surges, with Omicron establishing prolonged

dominance since late 2021 [2-5]. By 2023, subvariants such
as XBB.1.5 and JN.1 achieved global dominance[5, 6]
displaying enhanced transmissibility and immune escape
[7—10]. In 2025, descendants of JN.1 continued to diversify,
raising concerns about reinfection and vaccine
breakthroughs.The global dominance of Omicron JN.1 by
late 2023, followed by the emergence of Nimbus and Stratus
in 2025, underscores that SARS-CoV-2 remains on a
trajectory of ongoing immune escape and adaptation. These
lineages are currently under active surveillance by the World
Health Organization (WHO) and genomic consortia such
as GISAID [1, 11, 12]. There is substantial evidence
suggesting a connection between the emergent variant of
Omicron and immunocompromised status due to cancer or
HIV [13]. The high prevalence of HIV infection and AIDS in
South Africa may have contributed to the emergence of the
Omicron variant. This situation is markedly different from
that in other countries [13-15]. The emergence of new
SARS-CoV-2 variants is a global phenomenon driven mainly
by the natural processes of viral mutation and natural
selection, especially in regions with high infection rates and
varying levels of population immunity.

Interestingly, countries in Eastern Europe, despite
having high rates of immunocompromising conditions like
HIV, have not consistently produced new Variants of
Concern (VOCs) [13, 16]. While these nations have faced
high COVID-19 cases and mortality—often due to low
vaccination rates and weaker health systems—there is no
evidence of them generating major VOCs that achieved
global dominance [15, 16].

Key VOCs detected:

—Alpha (B.1.1.7) - UK

— Beta (B.1.351) — South Africa

— Gamma (P.1) — Brazil

— Delta (B.1.617.2) — India

— Omicron (B.1.1.529) — Botswana and South Africa

Ukraine serves as a notable example [16, 17].

This review aims to summarize the mechanisms
shaping SARS-CoV-2 evolution, provide updated data on
the prevalence of major variants, including Nimbus and
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Stratus, and analyze why Ukraine’s immunological
vulnerability does not lead to variant emergence.

Methods

We conducted a narrative review of peer-reviewed
literature, preprints, and genomic surveillance reports
(2019-2025), using databases such as WHO COVID-19
Dashboard, outbreak.info PubMed-indexed studies (2020—
2025), Scopus, and GISAID [1, 17-21]. Inclusion criteria
focused on empirical studies of SARS-CoV-2 evolution,
immune evasion, and HIV prevalence in Eastern Europe.
Data extraction centered on mutation profiles, variant
prevalence, and Ukraine-specific dynamics.

Inclusion criteria were:

1. Peer-reviewed original research or preprints
describing SARS-CoV-2 evolution, immunological escape,
or variant epidemiology.

2. WHO, UNAIDS, or national reports on HIV prevalence
and antiretroviral therapy (ART) coverage in Eastern Europe
and Central Asia.

3. Genomic surveillance reports relevant to Ukraine and
neighboring countries.

We excluded purely modeling studies without empirical
data, duplicate datasets, and non-English articles unless
translations were available. References were managed
using Mendeley.

Data extraction focused on:

e Mutation profiles of major VOCs.

e Documented mechanisms of immune evasion.

e Prevalence trends by region (2019-2025).

The descriptive analyses and visualizations were
created to summarize trends and mechanisms reported by
the WHO, european centre for disease prevention and
control (ECDC), centers for disease control and prevention
(CDC), global initiative on sharing all influenza data
(GISAID), and UNAIDS. Figures 1-4 were created using
computer-based data processing and standard plotting
tools, resulting in comparative bar and line charts, as well
as schematic diagrams that illustrate the key concepts of
viral evolution and variant emergence.

Mechanisms of Evolution

Mutation and Immune Selection

SARS-CoV-2 accumulates mutations at ~1x10-
substitutions/site/year, shaped by replication errors and host
immunity [4]. Key mutations in the spike protein
(N501Y, L452R, F486P) alter ACE2 affinity or antibody
binding [6, 7]. Convergent evolution has produced recurring
substitutions across lineages, reflecting strong immune
selection.

Antigenic drift

Spike receptor-binding domain (RBD) substitutions
such as N501Y, L452R, and F486P/L repeatedly arose
across lineages under antibody pressure [3, 5-7].
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Recombination

Lineages like XBB emerged from BA.2 recombinants,
combining escape features [9,12]. Other factors [4, 17, 18],
such as prolonged infection and immunocompromised
patients, including those with advanced HIV, can harbor the
virus for months with stepwise spike mutations converging
with VOCs (Fig. 1).

Prolonged Infection in Immunocompromised Hosts

Notably, case reports from South Africa and the U.S.
have documented prolonged SARS-CoV-2 infection in
immunocompromised HIV-positive individuals, leading to
high intra-host mutation rates [22—24].

Immune Pressure and Vaccine Escape

Neutralizing antibodies, whether elicited by infection or
vaccination, exert strong selective pressure [7, 8]. The
appearance of convergent RBD substitutions (e.g., E484K,
K417N, N501Y) across unrelated lineages illustrates
immune-driven adaptation.

Mutation / o Prolonged
Antigenic Drift Recombln?tmn Infection
(e.g., N501Y, L52 (e.g. XBB 'rom (immunocomromised
é Fa86L) BA.2 recombinants) host, HIV,
' malignancy)

Immune Escape
(Antibody/vaccine
pressure,
monoclonal resistance)

Fig. 1. Mechanisms of SARS-CoV-2 evolution. Adapted from
Harvey et al. [3], Choi et al. [22], Clark et al. [23], Kovalenko, V.
etal. [24].

This schematic diagram illustrates three major
processes driving SARS-CoV-2 evolution: mutation/
antigenic drift, recombination, and prolonged infection in
immunocompromised hosts. Each mechanism contributes
to the accumulation of genetic changes that facilitate
immune escape under selection pressures such as
vaccination, prior immunity, and monoclonal antibody use.

Global Variant Landscape (2020-2025)

Alpha (UK, 2020) carried N501Y, increasing
transmissibility [2, 3]. Delta (India, 2020) carried L452R,
P681R, outcompeted Alpha globally [3]. Omicron BA.1
(South Africa, 2021) had >30 spike substitutions [4—6] and
high immune escape (Table 1). BA.5 added L452R, F486V
[7, 8]. XBB lineages emerged in 2022 from BA.2
recombination with enhanced immune escape [9, 10].



BA.2.86 (Pirola) in 2023 carried >30 new spike substitutions
[10-12]. IN.1 (late 2023) became dominant globally [1, 11,
16, 19, 24].

Figure 2 illustrates the global prevalence trends of
SARS-CoV-2 variants from Alpha to JN.1, providing a
stylized representation of their relative prevalence from
2020 to early 2025.
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This figure presents the temporal dynamics and relative
global prevalence of major SARS-CoV-2 variants based on
patterns reported by WHO, GISAID, and global genomic
surveillance networks. The trajectories are schematic and
intended to illustrate the sequential emergence, dominance,
and replacement of variants over time, rather than display
exact quantitative prevalence values.

Table 1
Comparative Features of Major SARS-CoV-2 Variants
Variant First Detection Key S_pike Immune Escape Transmissibility Clinical Impact
Mutations
Alpha (B.1.1.7) UK, 2020 N501Y Moderate T Hospitalization 1
Delta (B.1.617.2) | India, 2020 L452R, P681R | Moderate—High " Severe
Omicron BA.1 South Africa, >30 spike High "M Immune escape
2021
BA.5 South Africa, L452R, F486V | High " Immune escape
2022
XBB.1.5 Global, 2022 F486P, R346T High ™ Immune escape
BA.2.86 Global, 2023 >30 new spike [ High " Potential escape
JN.1 Global, 2023 F456L High m Dominant

Sources: WHO COVID-19 Dashboard [1], GISAID [11], Viana et al. (2022) [4], Cao et al. (2022) [7], Tamura et al. (2023) [9].
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Fig. 2. Schematic representation of global SARS-CoV-2 variant prevalence, 2020-2025. Based on WHO [1], ECDC [12, 16],

CDC [19], and GISAID [11].

Regional Context: Ukraine & HIV
Ukraine has one of the highest HIV prevalence rates in
Eastern Europe [24—26]. Despite this, Ukraine has not been
identified as a source of globally significant variants .

Possible contributing factors include: limited sequencing
coverage [11, 12, 16, 24], reduced travel/export potential
after 2021 [16], expansion of ART [13-17], and stochastic
effects: emergence of globally dominant lineages requires
both virological and epidemiological conditions [2, 3, 9].
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Fig. 3. Regional comparison of sequencing coverage vs HIV prevalence (schematic). Based on WHO [1], UNAIDS [21], and

ECDC [16].

This schematic figure uses real-world estimates (2020—
2021) toillustrate the relationship between national SARS-
CoV-2 genomic sequencing coverage and HIV prevalence.
HIV prevalence among adults aged 15-49 years was
sourced from UNAIDS/WHO country-level reports, while
sequencing coverage reflects published analyses of SARS-
CoV-2 genome submissions relative to reported COVID-19
cases during the same period. Countries shown include
Ukraine (1.10% HIV prevalence; 0.012% of cases
sequenced), South Africa (14.4%; ~1%), and the United
Kingdom (0.17%; 210%). These data highlight striking global
inequalities in genomic surveillance capacity, with countries
experiencing a high burden of HIV often reporting
substantially lower sequencing coverage.

Discussion

Omicron and its descendants illustrate how SARS-
CoV-2 continues to adapt through convergent spike
changes [3, 5-7]. XBB recombinants and BA.2.86 show
that large antigenic shifts remain possible [9, 10]. By
2024-2025, JN.1 and its descendants dominated global
circulation [1, 16, 19]. The Ukrainian paradox — a high HIV
prevalence setting that did not generate major global VOCs
— illustrates the complexity of variant emergence. While
immunocompromised hosts are necessary for long-term
intra-host evolution [22, 23, 27, 28], successful global
spread depends equally on sequencing capacity,
transmission intensity, and travel connectivity [29]. South
Africa’s role in the emergence of Beta and Omicron
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underscores the importance of high background transmission
and strong genomic surveillance systems that can detect
and amplify new lineages [5, 39]. Ukraine’s limited
sequencing capacity (<0.2% of cases sequenced by 2023)
and reduced international travel after 2022 [24, 26, 28] likely
restricted the probability that locally arising lineages would
seed globally dominant variants (Fig. 4).

Viral Factors
(Mutation, Recombination)

Systemic Factors
(Survelllance, Mobility,
Stochastic events)

Host Factors
Immunocompromisd, HIV,
ART coverage)

v
Variant Emergence

& Spread
(Global VOCs)

Fig. 4. Conceptual model of drivers of SARS-CoV-2 variant
emergence. Adapted from WHO [1], Rambaut et al. [2],
UNAIDS [21], Kovalenko, V. et al. [24].



This Conceptual model reflects an interplay of viral
adaptation, host immunity, and systemic factors. Future
waves driven by immune escape are likely. Monitoring
systems require robust genomic surveillance, vaccine
updates, and integration with HIV services [1, 3, 6, 7, 10,
11, 13, 16, 19].

Conclusion

The evolution of SARS-CoV-2 since 2019 highlights a
complex interplay between viral biology, host immunity, and
societal factors. Variants such as Alpha, Delta, and Omicron
have demonstrated the virus’s ability to mutate and evade
the immune response. By late 2023, the Omicron JN.1
variant had become dominant, followed by the emergence
of the Nimbus and Stratus variants in 2025. From a global
health perspective, three key lessons can be drawn:

1. Robust genomic surveillance is essential for early
detection; however, coverage can be uneven across
different regions.
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2. Vaccine adaptation and therapeutic innovation are
vital for maintaining protection against severe disease, as
the effectiveness of vaccines against symptomatic infection
has decreased for newer variants.

3. The situation in Ukraine, characterized by a high
prevalence of HIV but low variant emergence, illustrates
that viral evolution is not solely influenced by host factors;
structural issues also play a significant role.

Looking ahead, SARS-CoV-2 is likely to persist as an
endemic pathogen, with the potential for future disruptions
due to immune escape. Preparedness should involve multi-
layered surveillance, the development of broad
immunological tools, and strategies that address multiple
diseases.

Ultimately, a globally coordinated yet regionally
adaptable response is necessary. It is crucial to learn from
both high-surveillance and under-resourced areas.
Vigilance, adaptability, and equity will be key in addressing
future viral evolution.
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EBOJIIOIIIS BAPIAHTIB SARS-COV-2:
IJIOBAJIbHI 3AKOHOMIPHOCTI, HOBI
CYBBAPIAHTH TA PETIOHAJIbHU
KOHTEKCT (YKPATHA TA BLJ)

J1. P. lWocTakoBuy-KopeLibka
[HINpOBCbKWIN AepxaBHWI MeanYHUiA yHiBepcuteT

PE3IOME. 3 kiHyst 2019 p. SARS-CoV-2 eBo/itoyioHyBas
Y BE/UKY KilbKicmb J1iHIl, Wo 3yMOBU/IO N0BMOpPOBaHI
xsusi COVID-19 y csimi. ¥ ybomy 02/1510i y3a2a/ibHeHi
cyyacHi gidomMocmi npo eso/iyiliHy duHamiky SARS-
CoV-2 3 0cob/susuM akyeHmom Ha cybsapiaHmax
Omicron, 3okpema JN.1 ma (1020 roxiOHi, & Makox Ha
HOBUX JliHIsIX, Wo 3'asasombcsi y 2025 p. (Nimbus i
Stratus).

OKpecC/1eHO K/1t0408I MEXaHI3MU, SIKi 3yMOB/IHOOMb Pi3HO-
MaHimmsi sipycy, — Mymauil ma aHmuaeHHul opelicp,
pekomMbiHayiro, a makox mpusasiy nepcucmeHuyir 36y0-
HUKa B IMyHOKOMIpPOMeMoBaHux oci6 (y momy yucsi
moded, siki xugyms 3 Bl/1). Came yi npoyecu Moxymsb
cripusimu rnoemarHoMy Hakornu4eHHo Mymauyil, ujo 3a-
6e3neyyroms BUC/IU3AHHST BiO iIMyHHOI BIONOBIOI.

Oe/1510 oxon/1re HayKosi ny6sikayil ma 38imu 3 2eHOM-
Ho20 Hae/nsdy 3a 2019-2025 pp. (pecypcu BOO3,
GISAID, outbreak.info, PubMed/Scopus) i 30cepedxy-
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€MbCS Ha MymauitiHux npoghisisix K/HHOBUX BapiaHMIB,
2/106a/1bHUX MEHOEHYisIX iX NoWUpPeHHs i cneyuchiqyHo-
My 07151 YKpaiHu KOHmeKcmi.

Okpemul po30in NpUCBAYEHO aHasli3y MPUYUH, YoMy
YkpaiHa, nornpu 8iOHOCHO 3Ha4yHuUl msieap BI/1y CxioHil
€8pori, He po3a/sa0aembcs AK 3Hadywe 0xepesio a/1o-
6as1bHO OOMIHaHMHUX BapiaHMIB, WO BUK/IUKAMb
3aHernoKoeHHs1. Ceped MOX/IUBUX MOSICHEHb 062080PH0-
IoMbCsl 06MeXeHe CeKBeHYBaHHS, HWXYuUl nomeHyiasa
MDKHapOOHO20 MOWUPEHHS, PO3WUPEHHS docmyry 00
aHmupemposipycHoi meparnii, a makox surnaokosi U
CMPYKMYPHIi YUHHUKU, HEOBXIOHI 0/19 MacoB020 PO3I1o-
BCHOOXKEHHS HOBUX BIPYCHUX JIiHIG.

Y nidcymKy rnpuxodumo 00 BUCHOBKY, WO rnodasbuie
YHUKHEHHS1 iMyHHOT 8i0rosioi 3a/1uwaemscsi UMOBIPHUM,
wo niokpecstoe nompeody 8 echekmusHOMY 2eHOMHOMY
Haa/150i, cBOEYaCHOMY OHOB/IEHHI BaKUUH i mepares-
MUYHUX Mi0X00i8, @ MakoX B8 iHmez2payii MOHIMopuHay
COVID-19 i3 npoz2pamamu 0oromMmoau /100sIM, SKi Xu-
syms 3 BI/I.

Knrouosi cnosa: SARS-CoV-2, sapiaHmu, Wo BUK/IU-
Karomb 3aHernoKoeHHs, Omicron, JN.1, BA.2.86, pekom-
6iHayisl, YHUKHEHHS IMyHHOI B8iOnogidi, 2eHOMHUUl Ha-
2150, YKpaiHa, Bl/1, imyHokoMpoMemosaHi nayieHmu,
aHmupemposipycHa mepariisi.
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