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Cardiovascular Complications of Pregnancy
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Abstract

T-cell accumulation within the aorta promotes endothelial dysfunction and the genesis of cardiovascular disease, including hyperten-
sion and atherosclerosis. Viral infection during pregnancy is also known to mediate marked acute endothelial dysfunction, but it is not
clear whether T cells are recruited to the aorta and whether the dysfunction persists postpartum. Here, we demonstrate that influenza
A virus (IAV) infection during pregnancy in a murine model resulted in endothelial dysfunction of the aorta, which persisted for up to
60 days postinfection and was associated with higher levels of IFN-y mRNA expression within the tissue. In the absence of infection,
low numbers of naive CD4" and CD8™" T cells, central memory T cells, and effector memory T cells were observed in the aorta.
However, with IAV infection, these T-cell subsets were significantly increased with a notable accumulation of IAV-specific CD8* effec-
tor memory T cells. Critically, this increase was maintained out to at least 60 days. In contrast, IAV infection in nonpregnant female
mice resulted in modest endothelial dysfunction with no accumulation of T cells within the aorta. These data, therefore, demonstrate
that the aorta is a site of T-cell recruitment and retention after IAV infection during pregnancy. Although IAV-specific memory T cells
could theoretically confer protection against future influenza infection, nonspecific memory T-cell activation and IFN-y production in
the aorta could also contribute to future endothelial dysfunction and cardiovascular disease.

NEW & NOTEWORTHY Pregnancy is a risk factor for cardiovascular complications to influenza A virus (IAV) infection. We demon-
strate that gestational IAV infection caused endothelial dysfunction of the maternal aorta, which persisted for 60 days postinfection in
mice. Various T cells accumulated within the aorta at 60 days because of the infection, and this was associated with elevated levels
of the proinflammatory cytokine, IFN-y. Our study demonstrates a novel “long influenza” cardiovascular phenotype in female mice.

influenza;, memory T cells; pregnancy; vascular dysfunction

INTRODUCTION

Influenza A virus (IAV) infection during pregnancy is associ-
ated with significantly higher morbidity and mortality in
women (1). During seasonal influenza epidemics, pregnant
women are five times more likely to be hospitalized and three
to four times more predisposed to cardiopulmonary events (2,
3). In addition, the risk of IAV-induced respiratory complica-
tions increases with underlying comorbidities, such as hyper-
tension (4). Pregnant women undergo immunological and
physiological adaptations that are essential in modulating the
maternal immune system to prevent fetal rejection and to
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facilitate oxygen and nutrient supply (5, 6). Our recent studies
demonstrated that IAV infection during pregnancy in mice
resulted in acute inflammation of the aorta and endothelial
dysfunction, which we have termed the “vascular storm” (7).
This is characterized by a profound innate and adaptive
inflammatory immune response (6) with early infiltration of
neutrophils and monocytes followed by a delayed accumula-
tion of T cells within the aorta, which was associated with en-
dothelial dysfunction.

Although the acute effects of the “vascular storm” triggered
by IAV infection during pregnancy were previously character-
ized, little is known about the chronic impacts of endothelial
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dysfunction and immune cell recruitment in pregnancy, spe-
cifically, whether T cells that accumulate during initial infec-
tion are retained in the tissue or whether these cells impact
on aortic function at later time points. T cells are known to
play a critical role in the development and progression of
hypertension more generally. Indeed, Guzik et al. (8) demon-
strated that T cells play an important role in angiotensin II-
induced hypertension. The aortic T-cell activation profile
observed in hypertensive mouse models is comparable to the
phenotype observed during IAV infection in pregnancy (9).
Given that T-cell accumulation is observed in both hyperten-
sion and TAV infection during pregnancy, we hypothesize
that this may establish persistent memory T-cell populations
within the aorta.

Memory T cells are distinct from naive T cells in that they
become activated by a lower antigen density and more
quickly upon interaction with their target antigen (10-12).
Memory T cells can also be more sensitive to cytokines, which
can result in antigen-independent or “bystander” activation
of T-cell functions (13). The adhesion molecules CD44 and
CD62L are used to delineate key subsets within CD4" and
CD8* T-cell populations, including CD44 CD62L" naive T
cells, CD44"CD62L" central memory T cell (Teym) and
CD44 * CD62L" effector memory T cell (Tgyg; 14). Of note, resi-
dent memory T (Trym) cells have been characterized more
recently, which are memory cells that reside long term within
tissues. Try cells are CD44MCD6E9M and can coexpress CD103
in certain tissues based on local transforming growth factor-f
availability (15). Tgm and Tgry cells can secrete high levels of
IFN-y to clear pathogens and drive endothelial and vascular
smooth muscle cell (VSMC) apoptosis, contributing to endo-
thelial dysfunction (16, 17). Indeed, Tgy cells are suggested to
exacerbate hypertension when repeated hypertensive or
inflammatory stimuli are introduced (18). Accordingly, IAV
infection during pregnancy could result in the recruitment of
Tem and/or Try cells into the aorta, which are able to persist,
rapidly secrete cytokines, and contribute to long-term vascu-
lar pathogenesis.

Our findings illustrate that IAV infection during preg-
nancy results in prolonged vascular endothelial dysfunction
up to at least day 60 after infection, which is associated with
elevated expression of IFN-y mRNA in the aortic tissue. In
parallel, we saw a persistent increase in both naive and
memory CD8" and CD4 * T cells within the aortic tissue for
at least 60 days after infection, most notably of IAV-specific
cells and cells expressing activation markers. This evidence
supports our model that IAV infection during pregnancy
establishes memory T-cell populations in the aorta capable
of generating IFN-y and mediating chronic vascular dysfunc-
tion, which defines an important long-influenza phenotype
within the cardiovascular system.

MATERIALS AND METHODS

Mice, Virus, and Infection

Nonpregnant and pregnant (8-12 wk) C57BL6/J mice were
obtained from the Animal Resources Center, Western Australia,
Australia, and maintained in a 12-h:12-h light/dark cycle
with food and water at the animal research facility (RMIT
University, Bundoora, Australia). All experiments were
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conducted according to approval obtained from the
Animal Experimentation Ethics Committee of the Royal
Melbourne Institute of Technology University (RMIT)
Animal Ethics Committee (Ethics No. 1801) and in compli-
ance with the guidelines of the National Health and
Medical Research Council (NHMRC) of Australia on ani-
mal experimentation. Mice were lightly sedated with iso-
flurane inhalation and infected intranasally at embryonic
day 12 (E12) gestation with 10 plaque-forming units of
recombinant HK-x31 (H3N2) mouse-adapted influenza A
virus strain or phosphate-buffered saline (PBS, Sigma) for
controls and followed for 12-, 30-, and 60-days postinfec-
tion (dpi).

Blood Pressure Measurements

Tail cuff plethysmography using the BP-2000 Series II
Blood Pressure Analysis System (Visitech Systems) was per-
formed on restrained conscious mice. Mice were acclimat-
ized for at least 4 consecutive days before recording blood
pressure measurements at either 6 or 60 dpi. Recordings
were taken from 20 individual measurements for systolic
pressure. Values that were greater than two standard devia-
tions from the mean value were considered outliers and
excluded from the final analysis.

Vascular Reactivity

Aortic vascular function was determined by myography, as
previously described (7, 9). Briefly, thoracic aortic rings were
harvested and dissected free of perivascular adipose tissue from
12 (n = 5 PBS; n = 4 HK-x31)-, 30 (n = 8 PBS; n = 7 HK-x31)-, and
60 (n = 6 PBS; n = 11 HK-x31)-dpi pregnant mice and 60-dpi
nonpregnant female mice (n = 6 PBS; n = 6 HK-x31). Thoracic
aortae were cut into 2 mm rings and mounted onto two stain-
less steel pins on a four-channel wire myograph (Danish Myo
Technology, Hinnerup, Denmark). Vessels were stimulated
with a final concentration of 1 x 10~® M of thromboxane A2 re-
ceptor agonist U46619 (Cayman, Michigan) to determine
smooth muscle-dependent contraction (19). Endothelium- and
nitric oxide-dependent relaxation was assessed using increasing
concentrations (1 x 10~° M-1x 10~°> M) of acetylcholine (ACh)
in the aorta, which were precontracted to 50% of their U46619
contraction with U46619. Also, in some rings of the aorta, the
endothelium-independent vascular smooth muscle relaxation
response to the nitric oxide donor, sodium nitroprusside (SNP;
1x 107° M-1 x 10~ M) was examined.

Major Histocompatibility Complex Class I-Peptide
Tetramer

Major histocompatibility complex (MHC) class I-peptide tet-
ramer was generated by the Innate Immunity and Anti-Viral
Immunity Laboratory in the Department of Microbiology and
Immunology, University of Melbourne. The tetramer used in
this study (MHC class I D°PA,, ") has been shown to be
highly specific for CD8 " T cells (20, 21).

Flow Cytometry

Maternal thoracic aortae harvested at 30 and 60 dpi were
flushed with PBS to rid the vessel of excess blood. Aortae
were processed into a single cell suspension for flow cytome-
try analysis, as previously described (7, 9). Briefly, aortae
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were mechanically minced and digested in digestion buffer
[0.156 mg/mL Collagenase type XI (Cat. No. C7657, Sigma),
0.03 mg/mL hyaluronidase (Cat. No. H3884, Sigma), and 1.8
mg/mL Collagenase Type I-S (Cat. No. C1639, Sigma)] for 1 h
at 37°C. Cell suspensions were filtered through a 70-pm
strainer and washed twice with FACS buffer (PBS containing
2.5% FBS). Cells were then stained for 15 min at 4°C with the
following antibodies: 1:200 anti-CD45 (30-F11); 1:200 anti-
CD8 (53-6.7); 1:200 anti-CD4 (RM4-5); 1:200 anti-CD69
(H1.2F3); 1:200 anti-CD44 (IM7); 1:200 anti-CD62L (MEL-14)
and 1:1,000 live/dead fixable aqua dead cell stain Kit
(Invitrogen). Following immunostaining, cells were analyzed
on the BD LSRFortessa X-20 flow cytometry analyzer with
DIVA software (Becton Dickinson Bioscience). Data were an-
alyzed using FlowJo software (Tree Star). The cells were ana-
lyzed as a percentage of live CD45% or CD8* cells or
expressed in absolute numbers per 25,000 counting beads.

Quantification of mMRNA by QPCR

Maternal lung and thoracic aorta were harvested from preg-
nant mice on 30 and 60 dpi for RNA extraction using the
RNeasy Mini kit (Cat. No. 74104, Qiagen), as per manufac-
turer’s instructions. cDNA was then synthesized from 1.0 to
2.0 pg of total RNA using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA). Total
RNA was added to a Master Mix mixture of reagents in the
High-Capacity ¢cDNA RT Kit, as previously described (7, 9).
QPCR was then performed using the TagMan Universal PCR
Master Mix (Applied Biosystems, Foster City, CA) and ana-
lyzed on the Applied biosystem QuantStudio 7 Flex Real-Time
PCR System (Thermo Fisher Scientific, Waltham, MA). IFN-y
and TAV polymerase primers were included in the Assay on-
Demand Gene Expression Assay Mix (Applied Biosystems,
Foster City, CA). The quantitative values were obtained from
the threshold cycle (Ct) number. Gene expression analysis
was performed using the comparative Ct method. Each indi-
vidual target gene expression was normalized against RPS18
mRNA expression and expressed relative to the control.

Statistical Analysis

All data were expressed as means * SE. All comparisons
between experimental groups, unless specified otherwise,
were performed by unpaired ¢ test or a Mann-Whitney test if
data were not normally distributed. Dose-response curve
analysis for vascular reactivity studies was performed using a
two-way ANOVA for repeated measures with either Tukey’s
or Holm’s Sidak multiple comparison test. E,.x and ECsq val-
ues could not be determined as dose-response curves were
not sigmoidal, and area under the curve (AUC) analysis was
performed instead. Statistical tests were performed using
GraphPad Prism (GraphPad Software v.8.2, San Diego, CA).
Statistical significance was considered at P < 0.05.

RESULTS

IAV Infection Induces Vascular Dysfunction That
Persists in the Maternal Thoracic Aorta

To examine the long-term effect of IAV infection on vascu-
lar function, we performed a series of experiments using
wire myography to analyze the functionality of the aorta
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post-viral clearance. Pregnancy outcomes found no differen-
ces in gestation at delivery nor with litter sizes; however,
there were increased pup deaths following IAV infection
(Supplemental Fig. S2; Supplemental figures can be accessed
at https://doi.org/10.25439/rmt.26156272). IAV infection in
E12.5 pregnant mice resulted in an impairment in the
response to endothelial-dependent vasodilator ACh at 12 dpi
(Fig. 1, A and B) but no significant impairment was observed
in the response to the endothelial-independent vasodilator
SNP (Fig. 1C), which corroborates with our previous observa-
tions following IAV infection at 6 dpi (7). The impairment in
endothelium-dependent relaxation to ACh persisted in the
aorta at 30 dpi (~60% relaxation compared with 80% in the
uninfected controls; Fig. 1D) and at 60 dpi (~40% relaxation
compared with 80% in the uninfected controls; Fig. 1F). In
contrast, endothelium-independent relaxation to SNP in
IAV-infected pregnant mice was comparable to uninfected
controls at 30 dpi (Fig. 1E) and 60 dpi (Fig. 1G). We also
assessed endothelial-dependent relaxation of the aorta of
nonpregnant mice infected with IAV at 60 dpi (Fig. 1H).
Endothelial dysfunction was only modest, showing a slight
rightward shift but no change in the maximal relaxation
response. Area-under-the-curve (AUC) analysis was also per-
formed, which showed similar results to the dose-response
curves (Supplemental Fig. S3). In addition, a constriction
response to U46619 showed no change at 12 and 30 dpi (Fig.
2, A and B). The aortic constriction response to U46619 at 60
dpi, however, was significantly reduced in IAV-infected
pregnant mice, whereas there was no change with IAV-
infected nonpregnant mice at the same time point (Fig. 2, C
and D). These findings suggest that the IAV-induced long-
term vascular dysfunction is profound when the infection
occurs during pregnancy with evidence of significant endo-
thelial and vascular smooth muscle dysfunction, given the
impairment in U46619-induced constriction. To determine if
endothelial dysfunction was associated with hypertension,
systolic blood pressure was also recorded at 6 dpi (during
pregnancy) and 60 dpi (postpartum; Fig. 1I). We found a
transient decrease in systolic blood pressure at day 6, which
returned to uninfected levels at day 60 after infection.

Given that IFN-y is known to be associated with vascular
dysfunction, we then used real-time PCR to measure the
amount of IFN-y transcript within aortic tissue. We found
that there was a significant increase in IFN-y mRNA expres-
sion at day 30, and this was maintained at day 60 after infec-
tion (Fig. 1J). This suggests that a cell type within the aortic
tissue is expressing IFN-y mRNA up to 60 dpi.

IAV Infection Establishes a Persistent Population of
CD4* and CD8™ T Cells in the Aorta Post-Viral
Clearance

We have previously shown that at 6 dpi, there was an accu-
mulation of activated CD8 " and CD4 " T cells in the aorta (7).
Given that vascular dysfunction persists beyond this time
point despite the virus having been cleared, we aimed to
determine whether there were persistent populations of
CD4 " and CD8* T cells in the aorta at 30 and 60 dpi. Indeed,
the absolute number of both CD4* and CD8* T-cell popula-
tions was elevated at both 30 and 60 dpi (Fig. 3, A-C). The
proportions of CD4 ™" T cells were elevated at the 60-dpi time
point with no differences observed at 30 dpi, while no
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significant differences were observed with CD8* T-cell pro-

portions (Fig. 3, A-C).

We next investigated whether the elevated population of
CD8™" T cells contained IAV-specific CD8™* T cells in the
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aorta using an MHC class I tetramer loaded with the immu-

nodominant PA,,, peptide. In previous work, we have
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observed IAV dissemination and enhanced CDS8* T-cell
recruitment to the aorta at 3 and 6 dpi, respectively (7).
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Figure 2. Aortic constriction response to thromboxane agonist U-46619 is impaired in influenza A virus X (IAV)-infected pregnant mice at 60 dpi.
Vascular function was measured in isolated thoracic aortic rings of nonpregnant and pregnant mice infected with PBS or HKx-31 (x-31) at 10* pfu. A-C:
aortic rings were isolated from pregnant mice at 12 (4), 30 (B), and 60 (C) dpi. D: aortic rings were also isolated from nonpregnant mice at 60 dpi.
Maximal constriction force in response to thromboxane agonist U-46619 was then recorded. Data shown represent PBS, n = 6—9 animals; X-31, n = 6—
12 animals; of at least two independent experiments. Results are presented as means + SE. Unpaired Student’s t test was used for statistical analysis

against their respective PBS controls. pfu, plaque-forming units. *P < 0.05.

Consistent with this, we observed elevated proportions and
in absolute numbers of IAV-specific D°PA,,, " CD8™" T cell
in the aorta at 30 and 60 dpi (Fig. 3, D-F).

IAV Infection Promotes Naive and IAV-Specific Memory
T-Cell Residence in the Aorta Post-Viral Clearance

We then aimed to determine whether CD4" and CD8* T
cells in the aorta represent naive or conventional memory T-
cell subsets. Of note, both CD4 " and CD8 " T cells were pre-
dominantly CD44 CD62L~ in the aorta (Fig. 4, A and B),
which is an unconventional T-cell population commonly
seen within tissues. Tgy (CD44 T CD62L7) CD4 " and CD8 ™ T
cells were the major conventional memory T-cell population
and were significantly elevated with IAV infection at both 30
and 60 dpi (Fig. 4, A-D). Naive (CD44 CD62L") and Tcym
(CD44"CD62L") CD4™" and CD8 ™" T-cell populations were
more minor populations but were also elevated with IAV
infection at 30 and/or 60 dpi (Fig. 4, A-D).

We then determined whether IAV-specific CD8* T cells in
the aorta were derived from a specific memory T-cell subset.
We observed that IAV-specific CD8* T cells predominantly
exhibited a Tgy phenotype at both 30 and 60 dpi (Fig. 4, E
and F) and Tgym phenotypic IAV-specific CD8™' T cells were
significantly elevated in number at both time points (Fig. 4G).

We explored whether CD41 and CD8 ™ T cells in the aorta
could include Tgy cells by measuring the coexpression of
CD69 and CD44. We observed significantly elevated absolute
numbers of Try phenotypic CD4 " T cells at 60 dpi but not
at 30 dpi (Fig. 5, A and C). Regarding the absolute numbers
of Trm phenotypic CD8™ T cells, we observed a significant
elevation at 30 dpi and a trend (P = 0.07) for an elevation at

60 dpi (Fig. 5, B and D). Finally, we examined T-cell popula-
tions in the aorta following IAV infection of nonpregnant
mice. In striking contrast to pregnancy, we observed no sig-
nificant accumulation of all the subsets of T cells examined
at 60 dpi (Supplemental Figs. S4 and S5).

DISCUSSION

We previously showed that TAV infection during preg-
nancy results in endothelial dysfunction of the aorta and
was attributed to IAV disseminating into the thoracic aorta,
prompting an innate and adaptive T-cell response, termed
“the vascular storm” (7). In the current study, we demon-
strated that IAV infection during pregnancy induces the
chronic accumulation of various subsets of T cells in the
aorta, long after viral clearance and disease resolution in
the lungs. This was in striking contrast to nonpregnant mice
infected with IAV where there was no evidence of T-cell
accumulation within the aorta. The general phenotype of T
cells accumulating within the aorta following gestational
IAV infection were CD4 " and CD8™ T cells, with a substan-
tial population of IAV-specific CD8 * T cells. When the T-cell
subsets were assessed, significant increases were observed in
CD4" and CD8 " naive, Tcy and Tgy cells with Ty cells
being the predominant subset. In addition, IAV-specific
CD8™ T cells predominantly expressed a Ty phenotype. We
also observed significant and sustained increases in CD4 ™"
and CD8* T cells with a CD44MCD69™ phenotype, which
would include Ty cells. The increase in T-cell populations in
the aorta was associated with increased expression of IFN-y
mRNA and long-term endothelial dysfunction.

Figure 1. Vascular endothelial dysfunction persists in pregnant mice post-viral clearance. Vascular function was measured in isolated thoracic aortic rings
of pregnant mice infected with PBS or HKx-31(X-31) at 10* pfu for assessment at 12, 30, and 60 dpi. A: schematic of experimental design and wire myogra-
phy setup. B-G: endothelium-dependent and -independent vasodilation to acetylcholine (ACh) and sodium nitroprusside (SNP) at 12 (B and C), 30 (D and
E), and 60 (F and G) dpi. H: vascular function was measured in isolated thoracic aortic rings of nonpregnant mice infected with PBS or X-31 at 10* pfu for
assessment of endothelium-dependent vasodilation to ACh at 60 dpi. Vascular relaxation was calculated as a percentage of preconstriction to thrombox-
ane agonist U-46619. A two-way analysis of variance (ANOVA) followed by Holm-Sidak post hoc multiple comparison was used for statistical analysis,
*P < 0.05. I: systolic blood pressure measurements. J: Student’s t test was used for statistical analysis, ***P < 0.005 mRNA expression of IFN-y in the tho-
racic aorta. Fold change calculations in the X-31 group were measured via qPCR, performed against the PBS group within its respective time point and nor-
malized against RPS18. Mann—-Whitney t test was used for statistical analysis, *P < 0.05. B—G: data represent pregnant PBS, n = 4—7 animals; pregnant X-
31, n = 4-7 animals; of at least two independent experiments. H: data represent PBS, n = 6 animals; X-31, n = 5 animals; of at least two independent experi-
ments. Results are presented as means + SE. pfu, plaque-forming units. Images created with a licensed version of BioRender.com.
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Figure 3. CD4 " and CD8 " T cells are persistently elevated in the aorta post-viral clearance. Pregnant 8—12-wk-old mice were inoculated with PBS or HKx-
31(X-31) at 10* pfu. Mice were culled at 30 and 60 dpi, and aorta single cell suspensions were assessed via flow cytometry. A—C: representative FACS plots
(A) and graphs showing the proportion of live CD45 " leukocytes that are CD4 " or CD8 " T cells (B) and number of CD4 " and CD8* T cells (C) recovered
from aortic tissue. D—F: representative FACS plots (D) and graphs showing the proportion of CD8 ™ T cells that are CD44+ and D°PA,y, tetramer* (£) and
number of CD8 " CD44 © DPA,,, tetramer * (F) T cells. All data shown represent pregnant PBS, n = 4—7 animals; pregnant X-31, n = 4-10 animals; of at
least two independent experiments. All cell populations are measured as the absolute number of cells per 25,000 counting beads. Results are presented
as means + SE. Unpaired Student’s t test was used for statistical analysis against respective PBS controls. pfu, plaque-forming units. *P < 0.05.

IAV disseminates into the aorta in both pregnant and
nonpregnant mice but IAV-induced vascular dysfunction
with T-cell inflammation is only seen in pregnant mice.
We contend that this vascular pathology owes its origin to
the TAV-induced pregnancy-specific vascular storm phe-
notype, which is characterized by a profound innate and
adaptive immune response and oxidative stress (7). We
previously reported that endothelial dysfunction in preg-
nancy occurs as early as 1 dpi and is evident at 3 and 6 dpi

H972

(9). Along with a vascular storm, the expression of IFN-y is
likely a major determinant of the vascular pathology, because
increased expression of IFN-y in the vessel wall and PVAT is
known to promote VCAM-1 expression to facilitate endothelial
cell and VSMC apoptosis (22, 23). The potential for persistent
expression of IFN-y at 30 and 60 dpi may explain why endo-
thelial dysfunction persists after viral clearance and even after
newborn delivery. This dysfunctional pathology also shares
similarities with the vascular pathology in hypertension (8).
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Studies by Guzik et al. (8) in hypertensive mouse models have
demonstrated that angiotensin II administration increases
vascular effector T-cell populations in the aorta, which in turn
leads to IFN-y production that contributes to vascular dys-
function. Moreover, the low activation threshold of vascular
memory T cells favors rapid, nonspecific cytokine secretion
(8). Moreover, in atherosclerotic ApoE~/~ mouse models, T
lymphocytes and macrophages were reported to secrete IFN-
v, which contributes to the pathogenesis of atherosclerosis via
the initiation of proatherogenic immune responses (24, 25).
Given that memory CD8™" T cells can rapidly increase IFN-y
production upon antigenic or cytokine stimulation, it is plau-
sible that reactivated T cells produce high levels of IFN-y dur-
ing IAV infection within the aorta and thus promote the
persistent endothelial dysfunction. Studies have shown that
IFN-y~/~ mice are partially protected against angiotensin II-
induced vascular dysfunction, whereas IFN-y overexpressing
mice showed constitutive vascular dysfunction (26). Future
studies will be focused on establishing how T cell-derived
IFN-y is driving endothelial dysfunction.

To determine whether endothelial dysfunction was associ-
ated with hypertension in our mouse model, blood pressure
was measured during pregnancy (6 dpi) and at postpartum (60
dpi). We have previously shown that IAV infection during
pregnancy (6 dpi) is associated with endothelial dysfunction
(7); however, blood pressure measurements taken in this study
found a significant drop in systolic blood pressure in IAV-
infected mice. This decrease in systolic blood pressure was
transient and returned to uninfected baseline levels by 60 dpi.
Despite no change in systolic blood pressure in IAV-infected
mice at 60 dpi, future experiments using angiotensin-II infu-
sion would confirm whether resistance vessels from 60-dpi
pregnant mice are more susceptible to increased inflammation
and endothelial dysfunction compared with uninfected mice.
In such studies, we will also measure vascular reactivity using
resistance vessels like the mesenteric arteries (27).

We have previously established that IAV disseminates and
infects the aorta during pregnancy and involves an exacer-
bated immune response. In the aorta, there was a significant
recruitment of CD69 " and CD44 " effector T cells, which are
known to secrete IFN-y (8, 16), and this was initiated at 6 dpi
during the vascular storm (7). Usually following peak adaptive
immune response at ~10 dpi, effector T-cell populations con-
tract, transitioning to long-term memory cells. Post-viral RNA
clearance in our study, the CD44™CD69™ T-cell populations
were still present in IAV-infected pregnant mice. It is possible
that viral antigenic material remains in the aorta, leading to
persistent T-cell activation in the aorta that could drive IFN-y
production and vascular dysfunction. A more likely model is
that the expanded CD44MCD69™ T-cell population represents
memory T cells, especially Try and Tgy cells whose reduced
activation threshold and rapid capacity for IFN-y production
could trigger the vascular dysfunction phenotype. In hyper-
tension following an adaptive immune response, memory T
cells comprising mostly Tgy cells accumulate in the aorta and,
in the presence of a second or repeated hypertensive stimuli,
Tgwm cells exacerbate hypertension (18, 28). In addition, another
potential stimulus for persistent T-cell activation is neoantigen
production (formed during prehypertension), which could be
produced in response to the oxidative modification of nucleic
acids, proteins, or lipids (29). These neoantigens have been
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proposed to promote hypertension by interacting with anti-
gen-presenting cells to trigger T-cell activation, which in turn
initiates a positive feedback loop to facilitate oxidative stress,
vascular inflammation, and vascular dysfunction and the for-
mation of more neoantigens (30). Further studies are needed
to investigate if the persistent T-cell activation and vascular
endothelial dysfunction phenotype observed during IAV infec-
tion is partly attributed to neoantigen formation.

Although we observed increased T-cell accumulation in
the aorta, it is unclear whether these T cells are migratory or
tissue-resident T cells. Further studies are needed to deter-
mine whether this increased aortic T-cell pool is derived
from the migration of circulatory T cells or the proliferation
of tissue-resident aortic T cells. A limitation in this regard is
that we did not perform constriction response curves (i.e.,
phenylephrine) to assess vascular smooth muscle function.
We have shown that the vascular smooth muscle response to
the vasoconstrictor U46619 is impaired in the aorta at 60
dpi, suggesting that IAV infection in pregnancy may also
compromise the integrity of the vascular smooth muscle in
the long term. Given the role of smooth muscle cells in the
pathogenesis of cardiovascular diseases (31), a more compre-
hensive assessment of the vascular smooth muscle following
TAV infection warrants further investigation. These studies
need to incorporate assessments of potential remodeling of
the aorta, particularly at the day 60 time point, which might
have also influenced the force responses to U46619, as
observed in the current study.

It is widely regarded that IAV infection can cause extensive
acute cardiovascular morbidity as well as mortality in patients
with underlying cardiovascular disease. This is exemplified by
the influenza vaccination being associated with a lower risk
of all-cause mortality, cardiovascular mortality, and major
adverse cardiovascular events (32). Although IAV can drive
acute cardiovascular complications, the findings of the present
study ignite new hypotheses that IAV infection is a significant
trigger for long-term disease sequelae affecting the cardiovas-
cular system and that pregnancy is a major risk factor for these
chronic manifestations. Indeed, this hypothesis is supported
by the epidemiology of the cardiovascular disease epidemic of
the 1960s that suggests that the high case fatality rates of cardi-
ovascular disease were the delayed result of the 1918 influenza
pandemic (33), although a causal role has never been estab-
lished. The major limitation of these epidemiological studies
lies in the difficulty to determine if those who died during the
heart disease epidemic were also people who were infected by
the Spanish flu and those who were alive during the pandemic
but were not infected. Our preclinical study here provides an
important clue that IAV infection during pregnancy can lead to
long-term endothelial dysfunction and that the accumulation
of various subtypes of T cells in the vasculature might play a
causative role in triggering future cardiovascular complications
in women. Our study also raises significant concerns around
the current COVID-19 pandemic and its long-term cardiovascu-
lar manifestations in pregnancy. It is conceivable, given that
the SARS-CoV2 virus spike protein interacts with ACE2 for cell
entry into endothelial cells, that long-term endothelial dys-
function and cardiovascular complications (34) might also
arise with this virus. However, it is likely that several decades
would need to pass to determine if the COVID-19 pandemic has
resulted in a future cardiovascular epidemic. Certainly, in the
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Figure 4. Naive-, central memory T (Tcw)- and effector memory T (Tew)-cell subsets within CD4 ™ and CD8 ™ T-cell populations in the aorta post-viral
clearance. Pregnant 8—12-wk-old mice were infected with PBS or HKx-31 (X-31) at 10% pfu and culled at 30 and 60 dpi. Aorta single cell suspensions were
assessed via flow cytometry. A—D: representative FACS plots for CD4* (4) and CD8™ (B) T cells and graphs of numbers of CD4 * (C) or CD®* (D) naive
(CD44 CD62L™"), Tem (CD44 " CD62L ), and Tey CD44 " CD62L ) cells in the aorta. E-G: representative FACS plots (E) and graphs showing the pro-
portion of IAV-specific CD8 * that are Tgy cells (F) and the number of IAV-specific CD8 * Tgy, cells (G) in the aorta. Data shown represent pregnant PBS,
n = 4-7 animals; pregnant X-31, n = 4-10 animals; of at least two independent experiments. All cell populations are measured as the absolute number
of cells per 25,000 counting beads. Results are presented as means + SE. Unpaired Student’s unpaired t test was used for statistical analysis against re-
spective PBS controls. AV, influenza A virus. pfu, plaque-forming units. *P < 0.05.
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Figure 5. Putative resident memory T (Tgrwm) phenotype cells within CD4 " and CD8 ' T-cell populations in the aorta post-viral clearance. Pregnant 8—12-
wk-old mice were infected with PBS or HKx-31 (X-31) at 10* pfu and culled at 30 and 60 dpi. Aorta single cell suspensions were assessed via flow cytome-
try. A—D: representative FACS plots for putative CD4 " Tgy (CD44 T CD69 *; A) and CD8 " Try (CD44 " CD69 ™ ; B) cells and graphs of numbers of puta-
tive CD4 " Tryw (CD44 7 CD69™"; C) and CD8 " Try (CD44 " CD69 *; D) in the aorta. Data shown represent pregnant PBS, n = 4—7 animals; pregnant X-
31, n = 4-10 animals; of at least two independent experiments. All cell populations are measured as the absolute number of cells per 25,000 counting
beads. Mann—Whitney U test was used for statistical analysis against respective PBS controls. pfu, plaque-forming units. *P < 0.05.

meantime, preclinical animal models will provide strong
insight into the chronic cardiovascular effects of IAV, SARS-
CoV2, and potentially of other blood-borne RNA viruses.
Cardiovascular disease is one of the leading causes of
pregnancy complications and maternal deaths in developed
countries. Conversely, pregnancy itself places a significant
strain on the cardiovascular system, which may become
more amenable to complications or defects when perturbed.
The substantial accumulation of T cells together with persis-
tent severe endothelial dysfunction of the aorta following
TAV infection in pregnant but not in nonpregnant mice dem-
onstrates that the immunological alterations that occur dur-
ing pregnancy shape long-lasting changes to the immune
profile of the vasculature following prenatal viral infections.
These findings present new insight into the role of RNA
viruses on acute and chronic cardiovascular complications

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00646.2023 - www.ajpheart.org

that are perhaps only revealed with pregnancy. Our study
also provides for the first time an important animal model
system of cardiovascular complications of pregnancy trig-
gered by common respiratory virus infections such as influ-
enza, advancing our armamentarium of preclinical animal
model tools for studying pathophysiology and therapeutic
interventions.

A limitation of this study is that we did not assess whether
intranasal inoculation per se activates some elements of
immune signaling, which could influence the net chronic
response to IAV infection. To overcome this, the use of an
inactivated virus in future studies would be an ideal control
to account for off-target inflammatory effects from the deliv-
ery approach and to determine whether IAV-induced chronic
vascular dysfunction and T-cell retention in the aorta requires
viral replication (35, 36).
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In conclusion, IAV infection in pregnant mice leads to
long-term endothelial dysfunction of the aorta after viral
clearance in the lung and in the aorta. This “long influenza”
phenotype associates with elevated IFN-y mRNA levels in the
tissue and persistent retention of a range of T-cell subsets,
including CD4* and CD8 " naive, Tcy and Tgy cells, IAV-spe-
cific CD8™" T cells, and CD4* and CD8 " CD44MCDe9M cells
that could include Ty cells. Of note, Tgy and Tryy cells have
been shown in other works to be particularly robust and rapid
producers of IFN-y, making them prime candidates for propa-
gating long-term vascular endothelial dysfunction.
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