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ABSTRACT Monocytes play a crucial role in the immune response against pathogens.
Here, we sought to determine COVID-19 and the vaccine Gam-COVID-Vac induce
long-term changes in the phenotype and cytokine production of circulating monocytes.
Monocytes were purified from peripheral blood mononuclear cells of healthy donors
who had not had COVID-19 or vaccination, who had received two doses of Gam-COVID-
Vac, and who had mild/moderate COVID-19 in the last 6 months and evaluated by flow
cytometry. To investigate the effect of SARS-CoV-2 proteins, monocytes were cultured
for 2 days with or without stimulation with recombinant SARS-CoV-2 S1 and N peptides.
Monocytes obtained from vaccinated and recovered individuals showed increased basal
expression of HLA-DR, CD63, CXCR2, and TLR7. We also observed an increased frequency
of CD63* classical monocytes in both groups, as well as an increased frequency of
HLA-DR* non-classical monocytes in the COVID-19-recovered group compared to the
control group. Monocytes from vaccinated and recovered donors produced higher
basal levels of IL-6, IL-13, and TNF-a cytokines. Ex vivo stimulation with SARS-CoV-2
antigens induced increased expression of HLA-DR and TLR7 on monocytes obtained
from the control group. The challenge with SARS-CoV-2 antigens had no effect on the
production of IL-6, IL-13, and TNF-a cytokines by monocytes. The acquired data offer
compelling evidence of enduring alterations in both the phenotype and functional
status of circulating monocytes subsequent to vaccination with Gam-COVID-Vac and
mild/moderate COVID-19 infection. At least some of these changes appear to be a
consequence of exposure to SARS-CoV-2 S1 and N antigens.

KEYWORDS monocytes, COVID-19, Gam-COVID-Vac vaccine, SARS-CoV-2 antigens,
phenotype, cytokines

C oronavirus disease 2019 (COVID-19), an emerging infection caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV?2), is characterized by a broad range
of symptoms and is associated with excessive inflammation driven by the innate immune
system, including monocytes (1). Since the beginning of the COVID-19 pandemic, more
than 770 million cases have been reported worldwide. Efforts to find a vaccine against
SARS-CoV-2 infection have been unprecedented with more than 13 million vaccine doses
administered (2). However, the long-term effects of COVID-19 infection and vaccination
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of various proinflammatory cytokines that can persist for weeks or even months after
recovery (3, 4). While monocytes are known to play a pivotal role in inflammation
during acute SARS-CoV-2 infection, their fate after recovery from COVID-19 is not yet ~ Received1/May2024
. . . . Accepted 20 May 2024
well described. Recent studies have shown that the number of circulating monocytes e Ty ——
increases 1-10 months post-infection (5). One study identified an increase in circulat-
ing intermediate and non-classical monocytes, but not classical monocytes, up to 3
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months after recovery from COVID-19 (6). In contrast, another study showed a decreased
frequency of total monocytes due to a reduction in intermediate and non-classical
monocytes in recovered patients (7). Monocytes from patients recovered from COVID-19
have been shown to express increased levels of inflammatory genes (8), have an
increased type | IFN signature (9), and are more responsive to toll-like receptor 1/2
(TLR1/2) ligation (10). An altered expression of antigen presentation and activation
molecules, as well as chemokine receptors, was also found in monocytes obtained from
recovered patients (5, 7, 11). Similar findings were observed in long COVID-19 (5, 11,
12), a heterogeneous syndrome characterized by long-lasting symptoms such as extreme
fatigue, shortness of breath, myalgias, brain fog, depression, fibrotic lung disease, and
pulmonary vascular disease (13).

Information on the long-term effects of vaccination against SARS-CoV-2 on mono-
cytes is sparser. Recently, it was shown that the frequency of total monocytes, mono-
cytes co-expressing CD14 and CD16, and monocytes expressing HLA-DR is elevated
in peripheral blood up to 3 months after vaccination with an adenovirus vector-
based anti-SARS-CoV-2 vaccine (14). In the group of individuals who had received
the inactivated CoronaVac vaccine, an increase in the relative frequency of classical
monocytes was observed up to 150 days after vaccination (15).

To further expand our understanding of the long-lasting changes in monocytes
mediated by SARS-CoV-2, we examined the phenotype and cytokine production of
monocytes derived from vaccinated and recovered individuals and analyzed whether
SARS-CoV-2 antigens are able to induce similar alterations in monocytes derived from a
control group.

MATERIALS AND METHODS
Ethical aspects and donors

EDTA-anticoagulated peripheral blood samples were obtained from individuals who
agreed to participate in the study and signed an informed consent form in accordance
with the Declaration of Helsinki. Individuals were recruited between January 2021 and
December 2022 and divided into three groups: a control group of unvaccinated healthy
donors without a history of confirmed COVID-19 (Control, n = 13); a group of vaccinated
individuals who had received two doses of the non-replicating adenovirus-vectored
vaccine Gam-COVID-Vac (Gamaleya Research Institute of Epidemiology and Microbiol-
ogy, Russia) at least 1 month and up to 180 days ago and had no prior COVID-19 in the
anamnesis (Gam-COVID-Vac, n = 11); and the group of donors who had PCR-confirmed
COVID-19 of mild or moderate severity (clinical manifestations including fever, cough,
malaise, headache, loss of taste and smell, nausea with respiratory symptoms with an
oxygen saturation of =94% on room air) and had recovered completely with no residual
symptoms at least 1 month and up to 180 days ago (COVID-19, n = 11). Individuals who
had received another vaccine in the last 6 months, or individuals who had any infection
other than COVID-19, or who had been diagnosed with COVID-19 more than 180 days
ago, individuals who had been vaccinated against COVID-19 more than 180 days ago,
and those who had not consented to participate in the study were not enrolled in this
study. Peripheral blood samples were collected from the donors and analyzed once. The
demographic characteristics (gender, age) of the donors are presented in Table 1.

Cell separation

Monocytes were isolated by plastic adhesion as described previously (16). In brief,
peripheral blood was diluted 1 x 1 with RPMI-1640 (Sigma-Aldrich), and peripheral
blood mononuclear cells (PBMCs) were obtained by density gradient centrifugation on
Hystopaque-1077 (Sigma-Aldrich). The PBMCs were resuspended in complete medium
based on RPMI-1640 supplemented with 10% fetal bovine serum (FBS) (Serva), 2
mM glutamine, and antibiotics (100 U/mL penicillin and 100 mg/mL streptomycin)
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TABLE 1 Donors’ characteristics

Parameters Indicators
Control group Gam-COVID-Vac group COVID-19
group
Average age * SD (range) 62.3+27.0 359+226 549 +£29.7
(21-86) (19-83) (21-87)
Sex
Men (average age + SD) 2(49.5 +£26.0) 5(40.6 £22.8) 4(72.0+24.7)
Women (average age £ SD) 11 (64.6 + 27.1) 6(32.0+22.6) 7 (45.1 £ 28.6)

(Sigma-Aldrich) 2 x 10° cells/mL and cultured in Nuclon Delta surface Petri dishes
(ThermoFisher Scientific) in a humidified incubator containing 5% CO at 37°C for 18 h.
Non-adherent cells were removed by thorough washing with RPMI-1640.

Cell culture

Adherent cells were incubated at 2 x 10° cells/mL in complete medium in Petri dishes in a
humidified incubator with 5% CO, at 37°C for additional 48 h alone or in the presence of
SARS-CoV-2 proteins (100 ng/mL). After incubation, the monocytes were detached using
TrypLEX (Invitrogen). The SARS-CoV-2 proteins, hFc-His Taq recombinant SARS-CoV-2
Spike protein S1 (S antigen) (RP-87689), and His Taq recombinant SARS-CoV-2 nucleocap-
sid protein (N antigen) (RP-87669) were purchased from Thermo Fisher Scientific. The
proteins were resuspended in phosphate-buffered saline (PBS), pH 7.4, and stored at
—20°C prior to use.

Analysis of interleukin production

The concentrations of pro-inflammatory cytokines in the cell supernatants after 48 h
of incubation of monocytes with or without SARS-CoV-2 proteins were determined
using an IL-8 Human ELISA kit (ThermoFisher Scientific), IL-6-IFA-BEST, IL-1(3-IFA-BEST, and
TNFa-IFA-BEST human ELISA kits (VektorBest) according to the manufacturer’s instruc-
tions.

Flow cytometry

For surface and intracellular staining, monocytes obtained by plastic adhesion were
detached from the plastic and stained with fluorochrome-conjugated mAbs specific for
surface markers according to the manufacturer’s protocols. For intracellular staining,
the detached monocytes were fixed and permeabilized with Fixation/Permeabilization
solution (BD Biosciences). Cells were then washed with Perm/Wash buffer (BD Bioscien-
ces) and subsequently labeled with mAbs specific for intracellular molecules. Afterward,
cells were washed with PBS and immediately analyzed by flow cytometry on a FACS-
Calibur using CellQuest Pro software (BD Biosciences) or AttuneNxT using AttuneNxT
software v3.2.1 (Thermo Fisher Scientific).

The following anti-human mAbs were used for flow cytometry analysis: CD14-PerCP,
CD16-FITC (Miltenyi Biotec); CD14-APC, CD16-PerCP, HLA-DR-PE, CD11b-FITC, CD15-FITC,
CD54-PE, CD63-PE, CD181(CXCR1)-PE, CD182(CXCR2)-PE, CD282(TLR2)-PE, CD287(TLR7)-
PE, CD288(TLR8)-PE, HLA-DR/DP/DQ-PE, CD49d-PE, E4Bp4-PE (Thermo Fisher Scientific).

Forward and side scatter gating was used to analyze the phenotype of the total
population of monocytes. Expression of markers was also analyzed in monocytes gated
on CD14%, CD16% as well as on CD14"CD16™ classical, CD14*CD16" intermediate, and
CD14"*CD16" non-classical subsets of monocytes, as previously described in detail (17)
(Fig. 1A).

Statistical analysis

Statistical analysis was carried out using GraphPad Prizm 7.03 software. Data are
presented as bars and columns with mean values + standard deviation. To explore the
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FIG 1 Vaccination with Gam-COVID-Vac and mild/moderate COVID-19 induce long-term changes in the expression of HLA-DR, CD63, CXCR2, and TLR7 by
the total subset of monocytes. Monocytes isolated from the peripheral blood of the Control, Gam-COVID-Vac, and COVID-19 groups were analyzed by flow
cytometry. Cells were gated on the monocyte gate based on cell size and complexity using FSC and SSC parameters and the frequency of HLA-DR", CD63",
CXCR2", and TLR7" cells were evaluated. (A) Gating strategy of monocytes, (B) representative, and (C) cumulative data are shown. Student’s t-test showed that
there was a significant difference between the control and experimental groups, as indicated: * P < 0.05.

existence of statistically significant differences between the groups, a two-tailed
Student’s t-test was used. Differences were considered statistically significant if P values <
0.05.
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RESULTS

Expression of HLA-DR, CD63, CXCR2 and TLR7 is increased on monocytes in
the Gam-COVID-Vac and COVID-19 groups

To determine whether the vaccine Gam-COVID-Vac and SARS-CoV-2 infection induce
long-lasting changes in monocytes, we evaluated the relative frequency of peripheral
blood monocytes and the expression of activation markers, chemokine receptors and
toll-like receptors (TLRs) in the Control, Gam-COVID-Vac and COVID-19 groups. The
monocyte gating strategy is shown in Fig. TA. Monocyte subpopulations were assessed
by gating on CD14"CD16" classical monocytes, CD14*CD16" intermediate monocytes,
and CD14"°*CD16" non-classical monocytes (Fig. 2A).

The proportion of CD14*, CD14°CD16°, CD14'CD16%, and CD14°*CD16" monocytes
did not differ significantly between the groups (data not shown). Immunophenotyp-
ing revealed that the frequency of HLA-DR- and CD63-expressing monocytes was
significantly increased in the Gam-COVID-Vac and COVID-19 groups compared to the
Control group (Fig. 1B and C). Additionally, we observed an increase in the percentage
of CD63-expressing classical monocytes in the Gam-COVID-Vac and COVID-19 groups
and HLA-DR-expressing non-classical monocytes in the COVID-19 group as compared
to Control group (Fig. 2), while no statistical differences were observed between the
Gam-COVID-Vac and COVID-19 groups.

Flow cytometric analysis also revealed that monocytes in the Gam-COVID-Vac and
COVID-19 groups exhibited increased expression of surface CXCR2 and intracellular TLR7
compared to the Control group (Fig. 1B and C). No differences in the frequencies of
CXCR2- and TLR7-expressing monocytes were observed between the Gam-COVID-Vac
and COVID-19 groups (Fig. 1B and C).

For other markers analyzed, including CD11b, CD15, CD54, CXCR1, TLR2, TLRS,
HLA-DR/DP/DQ, CD49d, E4Bp4, we found no differences between the Control, Gam-
COVID-Vac, and COVID-19 groups (Fig. S1).

These observations indicate that the Gam-COVID-Vac vaccine and COVID-19 infection
can induce long-term changes in the phenotype of circulating monocytes.
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FIG 2 Vaccination with Gam-COVID-Vac and mild/moderate COVID-19 induce long-term changes in the expression of CD63 by classical monocytes and
of HLA-DR by non-classical monocytes, respectively. Monocytes isolated from the peripheral blood of the Control, Gam-COVID-Vac, and COVID-19 groups
were analyzed by flow cytometry. (A) Gating strategy of monocyte subsets, (B) representative and (C) cumulative data on the frequency of HLA-DR- and

CD63-expressing CD14*CD16™ classical, CD14"CD16" intermediate and CD14°*CD16" non-classical monocytes are shown. Student’s t-test showed that there was
a significant difference between the control and experimental groups, as indicated: * P < 0.05.
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FIG 3 SARS-CoV-2 S and N antigens induce the expression of HLA-DR and TLR7 by monocytes. Monocytes were isolated from the peripheral blood of a Control
group and incubated for 48 h in the presence of SARS-CoV-2 S and N proteins. The cells were then gated on the monocyte gate and plotted on HLA-DR and TLR7
or CD14 versus HLA-DR and TRL7. Cumulative data on the frequency of HLA-DR" and TLR7" cells are shown. Student’s t-test showed that there was a significant
difference, as indicated: * P < 0.05.

SARS-CoV-2 N and S1 antigens induce the expression of HLA-DR and TLR7 by
monocytes

To determine whether the alterations observed in the monocytes obtained from the
COVID-19 and Gam-COVID-Vac groups were induced by SARS-CoV-2 antigens, we
evaluated the expression of activation markers, chemokine receptors, and TLRs on
monocytes obtained from the Control group after in vitro challenge with SARS-CoV-2
antigens. For this purpose, the monocytes were incubated in the presence of SARS-CoV-2
S and N proteins. As a result, both the SARS-CoV-2 S and N antigens induced an increase
in HLA-DR expression on the entire subset of monocytes and on CD14" monocytes as
well as an increase in TLR7 expression on CD14* monocytes. The SARS-CoV-2 N antigen
also induced TLR7 expression on the entire population of monocytes (Fig. 3). We did
not detect any differences in other analyzed markers after activation of monocytes with
SARS-CoV-2 S and N proteins (data not shown).
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FIG 4 Vaccination with Gam-COVID-Vac and mild/moderate COVID-19 lead to long-term changes in the production of IL-6,
IL-1B, and TNF-a cytokines by monocytes. Monocytes isolated from the peripheral blood of the Control, Gam-COVID-Vac, and
COVID-19 groups were incubated for 48 h in a complete medium. The concentrations of pro-inflammatory cytokines in the cell
supernatants were determined by ELISA. Cumulative data on the levels of IL-6, IL-13, TNF-a, and IL-8 are shown. Student’s t-test

showed that there was a significant difference between the groups as indicated: * P < 0.05.

The Gam-COVID-Vac vaccine and mild/moderate COVID-19 infection induce
long-term modulation of cytokines produced by monocytes

To understand whether Gam-COVID-Vac and the earlier COVID-19 modulate the
cytokine-producing capacity of monocytes, we evaluated the production of IL-6, IL-1b,
tumor necrosis factor alpha (TNF-a), and IL-8. The monocytes from the Gam-COVID-Vac
and COVID-19 groups showed increased basal production of IL-6, IL-1b, and TNF-a when
compared to the Control group. No differences were observed in the production of IL-8
(Fig. 4). There were also no differences in the production of IL-6, IL-1b, TNF-a, and IL-8
between the Gam-COVID-Vac and COVID-19 groups (Fig. 4).

However, stimulation with S and N antigens did not induce the production of IL-6,
IL-1b, TNF-q, or IL-8 cytokines by monocytes derived from the Control group (data not
shown).
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DISCUSSION

In this study, we observed significantly increased expression of surface HLA-DR, CD63,
CXCR2, and intracellular TLR7 by the total subset of monocytes in the group of COVID-19
recovered and Gam-COVID-Vac vaccinated individuals, which persisted for up to 6
months. Interestingly, similar alterations in the expression of HLA-DR and TLR-7 were also
observed in monocytes derived from the peripheral blood of individuals in the Control
group after in vivo stimulation with SARS-CoV-2 antigens. These data may indicate that
at least some of the long-lasting changes in monocytes observed in COVID-19-recov-
ered and Gam-COVID-Vac-immunized individuals were induced by exposure to SARS-
CoV-2. Similar results were found in other studies. Increased expression of HLA-DR by
human monocytes was observed after vaccination with another vector vaccine against
COVID-19 (ChAdOx1 nCoV-19) (14) and during acute mild COVID-19 (18, 19). Moreover,
elevated TLR7 mRNA expression was previously observed in COVID-19 patients (20).
However, we cannot confirm the specificity of the observed phenotypic changes induced
by SARS-CoV-2 antigens as we did not evaluate heterologous challenges. For instance,
studies have demonstrated that various stimuli can upregulate the expression of HLA-DR
on monocytes. These stimuli include immunization with Candida albicans (21) and
B-glucan (22). An increased frequency of HLA-DR" monocytes was observed in patients
with primary HIV infection (23) and in patients with acute bacterial intestinal infections
(24). Increased expression of TLR7 by monocytes was shown in chronic active Epstein-
Barr virus infection (25).

In addition to the phenotypic changes, we also observed functional changes
manifested by increased spontaneous production of IL-6, IL-1b, and TNF-a cytokines by
peripheral blood monocytes in Gam-COVID-Vac immunized and COVID-19 recovered
individuals. However, we failed to detect any changes in the production of these
cytokines by monocytes in the Control group after stimulation with SARS-CoV-2 S and N
antigens. These results are in contrast to a previously published study by Karwaciak et
al. who demonstrated increased IL-6 production and /[-6 mRNA expression by periph-
eral blood monocytes from healthy donors after stimulation with SARS-CoV-2 S and N
antigens (26). This discrepancy can be explained by the different stimulation duration.
In our study, we cultured monocytes with the SARS-CoV-2 antigens for 2 days, whereas
Karwaciak et al. activated monocytes for 3 days. However, the authors also found no
differences in the production of IL-1b and TNF-a in response to the SARS-CoV-2 S and
N antigens (26). Possibly other SARS-CoV-2 antigens or immunological triggers provoke
elevated expression of IL-1b and TNF-a in individuals vaccinated with Gam-COVID-Vac-
and those who had recovered from COVID-19.

The observed long-term phenotypic and functional changes in monocytes in the
Gam-COVID-Vac or COVID-19 groups can be explained by “trained immunity.” It has been
previously shown that COVID-19 can trigger central-trained immunity characterized by
enhanced granulopoiesis. It was shown that CD34" hematopoietic stem and progenitor
cells enriched from the peripheral blood of COVID-19-recovered patients showed higher
expression of STO0A8/A9 and CSF3R and increased chromatin accessibility of these loci
four to 12 months after COVID-19. Moreover, mature monocytes from recovered patients
retained the altered chromatin accessibility found in progenitor cells and exhibited
an increased type | IFN signature (9). Single-cell sequencing revealed the trained and
activated epigenomic state of a population of T-bet-enriched CD16* and IRF1-enriched
CD14" monocytes circulating in the peripheral blood of individuals convalescing from
COVID-19 (27). The inactivated vaccines CoronaVac (Sinovac/Butantan) (15) and Vero Cell
(China Biotechnology Group Corporation) (28) as well as the non-replicating viral vector
vaccine ChAdOx1 nCoV-19 (Oxford/AstraZeneca/FioCruz) (14, 15) have also been shown
to induce trained immunity by activating chromatin remodeling, resulting in a different
phenotype and metabolic changes in human monocytes. The persistent alterations in
monocytes from COVID-19-recovered and immunized individuals impact subsequent
immune responses to pathogens and vaccines and could contribute to long-term clinical
symptoms, such as long COVID-19, post-acute sequelae of SARS-CoV-2 infection, and
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COVID-19-associated multisystem inflammatory syndrome in adults and children (29-
31).

An increase in the frequency of HLA-DR-expressing monocytes in both experimental
groups in our study may indicate an improved antigen presentation capacity. Similarly,
increased HLA-DR expression on trained monocytes triggered by other microbial stimuli
was suggested to enhance the T cell response via enhanced antigen presentation
by monocytes (32). Moreover, the tetraspanin CD63 serves as an activation-induced
reinforcing element that promotes sustained and effective T cell activation (33). The
increase in CD63-expressing classical monocytes seen in individuals immunized with the
Gam-COVID-Vac and those who had recovered from COVID-19 suggests that SARS-CoV-2
stimuli augment the antigen-presenting functions of classical monocytes. The signifi-
cantly increased expression of surface CXCR2 and intracellular TLR7 by the total subset
of CD14" cells in the Gam-COVID-Vac and COVID-19 groups may indicate an increased
capacity of monocytes to migrate to the injured or inflamed tissues (34, 35) and to
recognize single-stranded RNA (36), respectively. A high capacity of cytokine produc-
tion observed in individuals from the Gam-COVID-Vac and COVID-19 groups could be
beneficial for future immune defense and lead to a rapid local antimicrobial response
and subsequent elimination of the pathogen. However, the clinical consequences
of such long-term changes in monocytes are not clear. Inappropriately strong induc-
tion of pro-inflammatory cytokines by monocytes could contribute to the long-term
inflammatory complications of COVID-19. Indeed, patients with long COVID-19 display
transcriptional dysregulation in their innate immune cells (37) as well as immunological
dysfunction characterized by highly activated innate immune cells with high production
of IL-6, IL-1B, and TNF-a that persists for more than 6 months after COVID-19 (38,
39). Further research is warranted to elucidate whether the enduring phenotypic and
functional alterations in monocytes observed in individuals vaccinated with Gam-COVID-
Vac and those who had recovered from COVID-19 benefit immune defense or potentially
contribute to COVID-19-related complications.

This study has several limitations. One limitation of this study is that no heter-
ologous microbial stimuli were used and the specificity of the SARS-CoV-2 stimuli
for the observed phenotypic and functional changes in monocytes remains unclear.
Another limitation is that we were unable to find an age-matched Control group of
donors; as a result, the mean age of the Control group is considerably older than
that of the Gam-COVID-Vac group. The reason for this is the fact that activity and
willingness to be vaccinated against COVID-19 was very high among younger individu-
als in the first year that the vaccines became available in the country. However, the
correlation analysis between the age of the donors in all groups and the proportion
of HLA-DR', TLR-7%, CD63*, and CXCR2* monocytes as well as cytokine production
showed no significant associations, suggesting that the observed changes were not
age-related. No correlation was also observed between the gender of donors and the
parameters mentioned. Additionally, the small cohort of individuals involved in the
study and the lack of re-analysis of peripheral blood monocytes at different time points
after Gam-COVID-Vac vaccination and COVID-19 may be a limitation of our findings.
Moreover, the study did not evaluate the absolute number of monocytes and did not
analyze epigenomic changes in monocytes or underlying signaling pathways that could
contribute to the observed long-term alterations in monocytes. Furthermore, we did not
expose the monocytes obtained from the experimental group to secondary heterolo-
gous challenges to confirm whether the observed changes are indicative of trained
immunity. Lastly, it would be most interesting to assess the impact of Gam-COVID-Vac
and COVID-19 on other effector mechanisms such as phagocytosis and microbial killing
capacity of monocytes, but this was beyond the aims of the present study.

Conclusions

Our results reveal long-term changes in the phenotype and functional state of circulating
monocytes in individuals vaccinated with Gam-COVID-Vac and those who had recovered
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from mild/moderate COVID-19, including enhanced expression of HLA-DR, CD63, CXCR2,
and TLR7 and increased production of IL-6, IL-13, and TNF-a. Moreover, our ex vivo
experiments demonstrate that SARS-CoV-2 antigens can induce enhanced expression
of HLA-DR and TLR7 on monocytes, suggesting that at least some of the observed
alterations in vaccinated individuals or those recovered from COVID-19 are provoked
by the virus itself. While our study is a pilot investigation and has a descriptive nature,
it underscores the need for further studies to understand the potential importance of
these changes in subsequent infections.
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