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ABSTRACT The pandemic of the coronavirus disease 2019 (COVID-19) has created the 
largest global health crisis in almost a century. Low frequencies of functional SARS-
CoV-2-specific CD4+ and CD8+ T cells in the lungs of COVID-19 patients have been 
associated with severe cases of COVID-19. Low levels of T cell-attracting CXCL9, CXCL10, 
and CXCL11 chemokines in infected lungs may not be sufficient for the migration of 
CD4+ and CD8+ T cells from circulation into infected lungs. We hypothesize that a 
coronavirus vaccine strategy that boosts the frequencies of functional SARS-CoV-2-spe­
cific CD4+ and CD8+ T cells in the lungs would lead to better protection from COVID-19-
like symptoms. In the present study, we designed and pre-clinically tested the safety, 
immunogenicity, and protective efficacy of a novel multi-epitope/CXCL11 prime/pull 
mucosal coronavirus vaccine. This prime/pull vaccine strategy consists of intranasal 
delivery of a lung-tropic adeno-associated virus type 9 vector that incorporates highly 
conserved human CD4+ and CD8+ cell epitopes of SARS-CoV-2 (prime) followed by 
recruitment of the primed T cells into the lungs using the T cell-attracting chemokine, 
CXCL-11 (pull). We demonstrated that the immunization of HLA-DR*0101/HLA-A*0201/
hACE2 triple transgenic mice with this multi-epitope/CXCL11 prime/pull coronavirus 
mucosal vaccine: (i) increased the frequencies of functional CD4+ and CD8+ TEM, TCM, and 
TRM cells in the lungs and (ii) reduced COVID-19-like symptoms, lowered virus replication, 
and prevented deaths following challenge with SARS-CoV-2. These findings demonstrate 
that bolstering the number of functional lung-resident memory CD4+ and CD8+ T cells 
improved protection against SARS-CoV-2 infection, COVID-19-like symptoms, and death.

IMPORTANCE Although the current rate of SARS-CoV-2 infections has decreased 
significantly, COVID-19 still ranks very high as a cause of death worldwide. As of October 
2023, the weekly mortality rate is still at 600 deaths in the United States alone, which 
surpasses even the worst mortality rates recorded for influenza. Thus, the long-term 
outlook of COVID-19 is still a serious concern outlining the need for the next-genera­
tion vaccine. This study found that a prime/pull coronavirus vaccine strategy increased 
the frequency of functional SARS-CoV-2-specific CD4+ and CD8+ memory T cells in the 
lungs of SARS-CoV-2-infected triple transgenic HLA-DR*0101/HLA-A*0201/hACE2 mouse 
model, thereby resulting in low viral titer and reduced COVID-19-like symptoms.
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S evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a novel coronavirus 
identified at the end of 2019, has led to an ongoing global pandemic (1). The 

SARS-CoV-2 virus belongs to the subgenus sarbecovirus of the genus betacoronavirus, 
the genus from which two SARS-CoV-2 closely related viruses (SARS-CoV-1 and MERS-
CoV) has crossed the species barrier to humans over the past two decades (2, 3). 
SARS-CoV-2 uses angiotensin-converting enzyme 2 (ACE2) receptors to enter and infect 
pulmonary alveolar cells (4). This causes the SARS-CoV-2 virus particles to replicate in 
the lungs, inducing a phenomenon known as “cytokine storm” and potentially causing 
life-threatening inflammatory lung disease (5).

SARS-CoV-specific CD4+ and CD8+ T cells in the lungs play a critical role in abort­
ing virus replication. However, low frequencies of functional SARS-CoV-2-specific CD4+ 

and CD8+ T cells in the lungs of COVID-19 patients have been associated with severe 
COVID-19 cases (6). Three major SARS-CoV-2-specific memory CD4+ and CD8+ T cell 
subsets [i.e., effector memory (TEM), resident memory (TRM), and central memory (TCM)] 
develop, infiltrate, and sequester in the infected lungs in response to three key T 
cell-attracting chemokines: CXCL9, CXCL10, and CXCL11 among others and enable 
primed T cells to relocate to specific sites of infection, such as the lungs (7). In addition, 
CXCR3, a common chemokine receptor of CXCL-9, CXCL-10, and CXCL-11, is expressed on 
effector and memory T cells and is responsible for the chemotaxis of T cells within this 
axis (8, 9). However, the low levels of T cell-attracting chemokines CXCL9, CXCL10, and 
CXCL11 in the infected lungs of severely ill COVID-19 patients may not be sufficient to 
ensure the sequestration of CD4+ and CD8+ TRM cells or to guide homing CD4+ and CD8+ 

TEM and TCM cells from circulation into infected lungs (10).
Parenteral vaccines, administrated intramuscularly or subcutaneously, are often less 

effective in boosting the frequencies of functional CD4+ and CD8+ T cells in mucosal 
tissues, including the pulmonary mucosal site of SARS-CoV-2 replication (11, 12). In 
contrast, mucosal vaccines have the potential to produce both mucosal and systemic 
T cell immunity (13). In the present study, we hypothesize that a prime/pull vaccine 
strategy that consists of (i), first, priming SARS-CoV-2-specific B cells, CD4+ T cells, and 
CD8+ T cells using the engineered lung-tropic adeno-associated virus type 9 (AAV9) 
vector co-expressing the recently identified immunodominant human CD4+ and CD8+ T 
cell epitopes (14) (designated in this report as CoV-Vaccine) and delivered intranasally 
followed by (ii) pulling the “primed” CD4+ T cells and CD8+ T cells into the lungs using 
CXCL-9, CXCL-10, or CXCL-11 T cell-attracting chemokines delivered intranasally (nose 
drops), will boost the frequency of functional CD4+ and CD8+ T cells and lead to strong 
local protective T cell immunity in the lungs against SARS-CoV-2 infection, COVID-19-like 
symptoms, and death.

Using a rational reverse vaccine engineering approach, we designed and pre-clini­
cally tested the safety, immunogenicity, and protective efficacy of three multi-epitope 
prime/pull coronavirus mucosal vaccine candidates. These coronavirus mucosal vaccines 
consist of intranasal delivery of a lung-tropic adeno-associated virus type 9 vector 
that incorporates highly conserved human B, CD4+ T, and CD8+ T cell epitopes of 
SARS-CoV-2 (14, 15) that are selectively recognized by the B and T cells from natu­
rally protected asymptomatic (ASYMP) COVID patients (prime) and pulling the primed 
T cells into the mucosal sites of the lungs using the T cell-attracting chemokines 
CXCL-9, CXCL-10, or CXCL-11 (pull) (16). Furthermore, we demonstrated that immuniza­
tion of a novel HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mouse model with a 
multi-epitope/CXCL11 prime/pull coronavirus mucosal vaccine boosted high frequen­
cies of functional lung-resident CD4+ and CD8+ memory T cells associated with strong 
protection against SARS-CoV-2 infection, COVID-19-like symptoms, and death.
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MATERIALS AND METHODS

Mice

Female K18-hACE2 transgenic mice (8–9 weeks old) were purchased from the Jackson 
Laboratory (Bar Harbor, ME). K18-hACE2 mice breeding was conducted in the UCI animal 
facility, where female mice were used at 8–9 weeks. In addition, female HLA-DR*0101/
HLA-A*0201/hACE2 triple transgenic mice (8–9 weeks old) were used. The HLA-DR*0101/
HLA-A*0201/hACE2 triple transgenic mouse colony was established here at the UCI by 
cross-breeding K18-hACE2 mice (17) with double transgenic HLA-DR*0101/HLA-A*0201 
mice (14). The animal studies were performed at the University of California Irvine and 
adhered to the Guide for the Care and Use of Laboratory Animals published by the US 
National Institute of Health. All animal experiments were performed under the approved 
IACUC protocol # AUP-22-086.

Immunization and CXC chemokine treatment

Groups of female HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice (8–9 weeks 
old) were immunized intranasally on day 0 with the multi-epitope coronavirus vaccine 
(CoV-Vacc at 2 × 1010 viral particles [VP] per mouse, n = 35). The vaccine incorporated 
highly conserved and immunogenic 16 CD8+ T cell epitopes, 6 CD4+ T cell epitopes, 
and 9 B cell epitopes. The recombinant murine MIG (CXCL-9), IP-10 (CXCL-10), and I-TAC 
(CXCL-11) were obtained from PeproTech, USA. The 35 vaccinated mice were divided into 
4 groups of 7 mice each. Three groups of immunized mice were treated intranasally with 
3 µg of CXCL-9 (n = 7), CXCL-10 (n = 7), and CXCL-11 (n = 7) (3 µg in 20 µL of sterile 
PBS/mouse) on days 10, 12, 14, 22, 24, and 26 post-immunizations. The remaining fourth 
group of CoV-Vacc-immunized mice were left untreated (n = 7). As a negative control, a 
fifth group of seven mice received sterile PBS (mock vaccinated and mock treated).

SARS-CoV-2 infection

K18-hACE2 mice were infected intranasally with 1 × 104 pfu of the SARS-CoV-2-USA-
WA1/2020 variant delivered in 20 µL sterile PBS (Fig. 1A). Whereas the HLA-DR*0101/
HLA-A*0201/hACE2 triple transgenic mice were intranasally infected with 1 × 104 pfu 
of SARS-CoV-2 (USA-WA1/2020) delivered in 20 µL sterile PBS on day 28 following 
immunization (Fig. 2B). Mice were monitored daily for death and weight loss till day 
14 post-infection (p.i.) on which they were euthanized for virological and immunological 
studies in the lungs.

Following intranasal infection with SARS-CoV-2 (USA-WA1/2020), HLA-DR*0101/HLA-
A*0201/hACE2 triple transgenic mice were monitored daily for disease progression. 
Subsequently, three mice groups were treated intranasally with 3 µg of the CXCL-9 (n = 
5), CXCL-10 (n = 5), and CXCL-11 (n = 5) diluted in sterile PBS. The mock (n = 5) group was 
treated with sterile PBS. The CXCL chemokine treatment was given on days 3, 5, 7, and 9 
(p.i.). On days 4 and 8, oropharyngeal swabs were collected for virus RNA copy number 
measurement. The SARS-CoV-2-infected mice were monitored up to day 14 p.i. for 
disease, weight loss, and survival. On day 14 p.i., mice were euthanized. All the experi­
ments were repeated twice for validation.

SARS-CoV-2 propagation and titration

The SARS-CoV-2 isolate SARS-CoV-2 USA/WA/2020 from Microbiologics (Batch number: 
G2027B) was propagated to generate high-titer virus stocks. Vero E6 (ATCC-CRL1586) 
cells were used referencing an earlier published protocol (18).

Flow cytometry

Single-cell suspensions from the mouse lungs after collagenase treatment (8 mg/mL) for 
1 hour were used for fluorescence-activated cell sorting (FACS) staining. The following 
antibodies were used: anti-mouse CD4 (BV650, clone RM4-4—BioLegend), CD8a (BV711, 
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clone 53-6.7—BioLegend), CD44 (Alexa Fluor 488, clone IM7—BioLegend) , CD62L (Alexa 
Fluor 700, clone MEL-14—BioLegend) , CD103 (BUV395, clone M290—BD), and CD183 
(CXCR3) (PE/Cyanine7, clone CXCR3-173—BioLegend). Surface staining was performed 
by adding mAbs against various cell markers to 1 × 106 cells in phosphate-buffered saline 
containing 1% FBS and 0.1% sodium azide and left for 45 minutes at 4°C. Cells were 
washed three times with FACS buffer and fixed in PBS containing 2% paraformaldehyde 
(Sigma-Aldrich, St. Louis, MO).

Immunohistochemistry

The HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice lung sections were fixed in 
4% PFA for 48 hours and then transferred to 70% ethanol. The tissue sections were 
embedded in paraffin blocks and sectioned at 8 µm thickness. Slides were deparaffinized 
and rehydrated before hematoxylin and eosin (H&E) staining for routine immunopathol­
ogy. Furthermore, to compare the relative expression of the SARS-CoV-2 nucleocapsid 
protein following immunization and various chemokine treatments, immunohistochem­
istry (IHC) was performed on the lung tissues of HLA-DR*0101/HLA-A*0201/hACE2 triple 
transgenic mice that were immunized with CoV-Vacc alone, with CoV-Vacc + CXCL9 
treatment, with CoV-Vacc + CXCL10 treatment, and with CoV-Vacc + CXCL11 treatment. 
Images were captured on the BZ-X710 All-in-One Fluorescence Microscope (Keyence).

Virus titration in oropharyngeal swabs

Throat swabs were analyzed for SARS-CoV-2 specific RNA by qRT-PCR. As recommended 
by the CDC, we used ORF1ab-specific primers (forward-5′-CCCTGTGGGTTTTACACTTAA-3′ 
and reverse-5′-ACGATTGTGCATCAGCTGA-3′) and probe (6FAM-CCGTCTGCGGTATGTGGAA
AGGTTATGG-BHQ) to detect the viral RNA level in lungs.

FIG 1 The effect of treatment with CXCL-9, CXCL-10, and CXCL-11 chemokines on COVID-19-like symptoms detected from K18-hACE2 single transgenic mice 

infected with SARS-CoV-2. (A) Experimental plan to study the effect of treatment with CXCL-9, CXCL-10, and CXCL-11 chemokines on COVID-19-like symptoms 

detected from K18-hACE2 single transgenic mice following infection with SARS-CoV-2 (Washington USA-WA1/2020 variant). Male and female K18-hACE2 mice 

(n = 16) 8–9 weeks old were infected intranasally with 1 × 104 pfu of the SARS-CoV-2-USA-WA1/2020 variant. Mice were subsequently treated intranasally with 

3 µg of CXCL-9 (n = 4), CXCL-10 (n = 4), and CXCL-11 (n = 4) on days 3, 5, 7, and 9 post-infection, and the control mice (n = 4) were left untreated. (B) Graph 

shows average body weight change p.i. normalized to the body weight on the day of infection (right panel). The maximum percent body weight change on day 

7 p.i. is shown in the left panel. (C) Shows the percentage survival detected in CXCL-9, CXCL-10, and CXCL-11 treated vs untreated mice up to day 13 p.i. The data 

represent two independent experiments; the graphed values and bars represent the SD between the two experiments.
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Briefly, 5 mL of the total nucleic acid eluate was added to a 20-mL total volume 
reaction mixture [1× TaqPath 1-Step RT-qPCR Master Mix (Thermo Fisher Scientific, 
Waltham, MA)], with 0.9 mM each primer and 0.2 mM each probe. The qRT-PCR was 
carried out using the ABI StepOnePlus thermocycler (Life Technologies, Grand Island, 
NY). When the Ct-value was relatively high (35 ≤ Ct < 40), the specimen was retested 
twice and considered positive if the Ct-value of any retest was less than 35.

Statistical analysis

Data for each assay were compared by ANOVA and Student’s t-test using GraphPad 
Prism version 5 (La Jolla, CA). The physical estimation data were analyzed with the 
paired t-test using a non-parametric Gaussian distribution based on the Wilcoxon 
matched-pairs signed-rank test. As previously described, differences between the groups 
were identified by ANOVA and multiple comparison procedures (14, 16, 19). Data are 
expressed as the mean + SD. Results were considered statistically significant at P < 0.05.

RESULTS

Treatment of SARS-CoV-2-infected K18-hACE2 mice with CXCL-11 T cell-
attracting chemokine improves COVID-19-like symptoms and survival

We first tested a dose escalation of 1, 3, and 10 µg of CXCL-9, CXCL-10, and CXCL-11 
chemokines, delivered in SARS-CoV-2-infected K18-hACE2 mice (male and female), to 

FIG 2 The effect of treatment with CXCL-9, CXCL-10, and CXCL-11 chemokines on disease outcome detected from HLA-DR*0101/HLA-A*0201/hACE2 triple 

transgenic mice immunized with SARS-CoV-2 vaccine. (A) Figure showing a prototype of the multi-epitope coronavirus vaccine consisting of highly conserved 

and immunogenic 16 CD8+ T cell epitopes, 6 CD4+ T cell epitopes, and 8 B cell epitopes. (B) Experimental plan to study the effect of treatment with 

CXCL-9, CXCL-10, and CXCL-11 chemokines on COVID-19-like symptoms detected from HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice immunized with 

multi-epitope coronavirus vaccine. Male and female HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice 8–9 weeks old were intranasally immunized with 

CoV-Vacc; 2 × 1010 VP per mice on day 0 (n = 35). Control mice (n = 7) were left unimmunized. The immunized mice were subsequently treated intranasally 

with 3 µg of CXCL-9 (n = 7), CXCL-10 (n = 7), and CXCL-11 (n = 7) on days 10, 12, 14, 22, 24, and 26 post-immunization. On day 27 of the experiment, two mice 

per group were euthanized, and lung tissues were collected. The immune cell response was evaluated by flow cytometry. The remaining mice (n = 25) were 

intranasally infected with 1 × 104 pfu of SARS-CoV-2 (USA-WA1/2020) on day 28 post-immunization. Three mice groups were subsequently treated intranasally 

with CXCL-9 (n = 5), CXCL-10 (n = 5), and CXCL-11 (n = 5) on days 30, 32, and 34 post-immunizations. Disease monitoring, weighing, and survival were monitored 

in the mice up to day 14 p.i. The data represent two independent experiments; the graphed values and bars represent the SD between the two experiments.
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determine the optimal dose of each chemokine that would promote T cell infiltration 
into the lungs and improve COVID-19-like symptoms. The results identified 3 µg for each 
chemokine as the optimal dose for enough T cell infiltration into the lungs that was 
associated with a significant improvement in COVID-19-like symptoms in SARS-CoV-2-
infected K18-hACE2 mice (data not shown). Subsequently, 8-week-old female K18-hACE2 
transgenic mice (n = 16) were infected intranasally with SARS-CoV-2 (1 × 104 pfu/mouse 
of Washington USA-WA1/2020 variant) and were left untreated (control) or treated 
intranasally on days 3, 5, 7, and 9 post-infection with 3 µg of CXCL-9, CXCL-10, or CXCL-11 
chemokine (Fig. 1A). Chemokine-treated and untreated mice were then followed daily 
for morbidity (weight loss) and survival. CXCL-11-treated K18-hACE2 mice showed the 
best outcomes with significant protection against weight loss (Fig. 1B; Fig. S3) and death 
(Fig. 1C) compared to the SARS-CoV-2-infected untreated control K18-hACE2 mice (P < 
0.05). In contrast, CXCL-9-treated K18-hACE2 mice did not show significant improvement 
in weight loss (Fig. 1B) and death (Fig. 1C), and CXCL-10-treated K18-hACE2 mice showed 
modest protection against weight loss (Fig. 1B).

These results support the hypothesis that a prime/pull strategy utilizing chemokines 
may improve vaccine outcomes.

A multi-epitope/CXCL11 prime/pull coronavirus vaccine protects against 
COVID-19-like symptoms in HLA-DR*0101/HLA-A*0201/hACE2 triple 
transgenic mice following infection with SARS-CoV-2

We next determined whether chemokine treatment would improve the protective 
efficacy of a multi-epitope coronavirus vaccine multiple human B, CD4+, and CD8+ T cell 
epitopes. For this experiment, we: (i) designed and produced a multi-epitope coronavirus 
vaccine that co-expresses recently identified 16 highly conserved human CD8+ T cell 
epitopes, 6 highly conserved human CD4+ T cell epitopes, and 8 highly conserved human 
B cell epitopes (Table S1), all expressed in tandem under a CMV enhancer/chicken β actin 
promoter (CAG) in an AAV9 vector (designated as CoV-Vacc, Fig. 2A) and (ii) utilized a 
novel HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice expressing human ACE2, 
human HLA class 1 (HLA-A*0201), and class 2 (HLA-DR*0101).

As illustrated in Fig. 2A, the prime/pull coronavirus vaccination consists of (i), first, 
priming of SARS-CoV-2-specific B cells, CD4+ T cells, and CD8+ T cells in HLA-DR*0101/
HLA-A*0201/hACE2 triple transgenic mice using the engineered lung-tropic AAV9 
multi-epitope coronavirus vaccine co-expressing the recently identified immunodomi­
nant B, CD4+, and CD8+ T cell epitopes (i.e., CoV-Vacc) and delivered intranasally followed 
by (ii) pulling the “primed” B cells, CD4+ T cells, and CD8+ T cells into the lungs using 
mouse CXCL-9, CXCL-10, or CXCL-11 T cell-attracting chemokines delivered intranasally.

As shown in Fig. 2B, HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice (8–
9-week old, n = 35) were intranasally immunized with 2 × 1010 VP per mouse of CoV-Vacc. 
The immunized mice were then divided into five groups of seven mice each and either 
left untreated with any chemokine (n = 7), or subsequently treated intranasally with 3 µg 
of CXCL-9 (n = 7), CXCL-10 (n = 7), or CXCL-11 (n = 7) on days 10, 12, 14, 22, 24, and 26 
post-immunization. The fifth control group of mice (n = 7) was neither immunized with 
the CoV-Vacc nor treated with the chemokines (mock).

On day 28 post-immunization, mice were intranasally challenged with 1 × 104 pfu 
of SARS-CoV-2 (USA-WA1/2020). Subsequently, all vaccinated groups received additional 
treatment with CXCL-9, CXCL-10, or CXCL-11 on days 30, 32, and 34 post-immunization. 
All animals were then monitored for up to day 14 p.i. for weight loss, virus replication in 
the lungs, and death. On day 14 p.i., mice were euthanized, and lungs were collected for 
lung inflammation with H&E staining.

We observed significant protection against weight loss in the group of mice that 
received the multi-epitope/CXCL11 prime/pull CoV-Vacc compared to the multi-epit­
ope/CXCL9 prime/pull CoV-Vacc group, the multi-epitope/CXCL10 prime/pull CoV-Vacc 
group, and the mock control group (P < 0.005, Fig. 3A; Fig. S3). Between days 5 
and 9 post-challenge with SARS-CoV-2, the multi-epitope/CXCL11 prime/pull CoV-Vacc 
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group lost only ~2% of their initial weight, whereas the remaining groups showed 
a significant loss in their initial weight that varied between 4% and 10% (Fig. 3A). 
Accordingly, a significant reduction in virus replication was recorded in the lungs of 
multi-epitope/CXCL11 prime/pull CoV-Vacc group of mice compared to other groups 
(Fig. 3C). Significantly lower viral RNA copy numbers were detected on both days 4 and 
8 post-infection in the lungs of the multi-epitope/CXCL11 prime/pull CoV-Vacc group 
compared to other groups (Fig. 3C). Moreover, from day 0 to day 14 post-challenge 
with SARS-CoV-2, the multi-epitope/CXCL11 prime/pull CoV-Vacc group of mice showed 
100% survival, whereas the remaining groups had only 60% to 80% survival (Fig. 3B). The 
lowest virus replication was observed in the lungs of multi-epitope/CXCL11 prime/pull 
CoV-Vacc-treated mice, which was associated with fewer inflammatory cells infiltrating 
the lungs and lower levels of pulmonary pathological changes characterized by (i) open 
alveolar air spaces, (ii) less inflammation, and (iii) less residual cellular debris in air spaces 
with less alveolar damage observed in the H&E sections (Fig. 3D).

These results demonstrate that the multi-epitope/CXCL11 prime/pull strategy 
enhanced vaccine efficacy against COVID-19-like symptoms, reduced virus replication 
and inflammation in the lungs, and prevented deaths in HLA-DR*0101/HLA-A*0201/
hACE2 triple transgenic mice following infection with SARS-CoV-2. As was observed with 
the chemokine treatment only, CXCL9 and CXCL10 were not effective.

FIG 3 The effect of treatment with CXCL-9, CXCL-10, and CXCL-11 chemokines on COVID-19-like symptoms detected from HLA-DR*0101/HLA-A*0201/hACE2 

triple transgenic mice immunized with multi-epitope coronavirus vaccine and challenged with SARS-CoV-2-USA-WA1/2020 variant. (A) Data showing average 

percent weight change each day p.i. normalized to the body weight on the day of infection are shown in the right panel. The bar graph (left panel) shows 

the percent weight change at day 7 p.i. Bars represent mean ± SEM. (B) Shows the percentage survival detected in mice groups of CoV-Vacc, CoV-Vacc + 

CXCL-9, CoV-Vacc + CXCL-10, CoV-Vacc + CXCL-11, and mock-vaccinated group up to 14 days p.i. (C) Viral titration data showing viral RNA copy number in the 

lungs for each group at days 4 and 8 p.i. (D) Representative H&E staining images of the lungs at day 14 p.i. of SARS-CoV-2-infected mice treated with different 

chemokines at 4×, 10×, and 40× magnifications. The data represent two independent experiments; the graphed values and bars represent the SD between the 

two experiments.
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Increasing the frequencies of lung-resident memory CD4+ and CD8+ TEM, TCM, 
and TRM cells by the multi-epitope/CXCL11 prime/pull coronavirus vaccine 
approach

Since the multi-epitope/CXCL11 prime/pull coronavirus vaccine enhanced protection 
as measured by reduced weight loss, virus replication, inflammation in the lungs, and 
deaths in HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice following infection 
with SARS-CoV-2, we sought to determine whether this protection was associated with 
increased frequencies of lung-resident memory CD4+ and CD8+ T cells.

We compared the effect of immunization with the three multi-epitope prime/pull 
coronavirus vaccine candidates based on CXCL-9, CXCL-10, and CXCL-11 T cell-attracting 
chemokines on the frequencies of three major lung-resident memory CD4+ and CD8+ 

T cell subsets [i.e., effector memory (TEM), resident memory (TRM), and central memory 
(TCM)] in the lungs of HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice, before 
(Fig. 4 and 5) challenge with SARS-CoV-2 (Fig. 2B). For controls, the frequencies of three 
major lung-resident memory CD4+ and CD8+ T cell subsets were compared in HLA-
DR*0101/HLA-A*0201/hACE2 triple transgenic mice that received the same multi-epit­
ope CoV-Vacc-bearing human CD4+ and CD8+ T cell epitopes without chemokine 
treatment (CoV-Vacc alone) as well as in mock-vaccinated mice (mock).

For this experiment, 8–9-week-old HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic 
mice (n = 35) were first immunized with the multi-epitope coronavirus vaccine delivered 
intranasally at 2 × 1010 VP per mouse. Vaccinated HLA-DR*0101/HLA-A*0201/hACE2 
triple transgenic were subsequently left untreated (control) or treated intranasally on 
days 10, 12, and 14 post-vaccination and on days 22, 24, and 26 post-vaccinations 
with the CXCL-9, CXCL-10, or CXCL-11 T cell-attracting chemokine as described in 

FIG 4 The effect of treatment with CXCL-9, CXCL-10, and CXCL-11 chemokines on CD4+ T cells in the lung and spleen of immunized HLA-DR*0101/HLA-A*0201/

hACE2 triple transgenic mice. (A) The left panel shows FACS plots for CD4+ T cells in the lungs of mice immunized with the multi-epitope coronavirus vaccine 

and treated with CXCL-9, CXCL-10, and CXCL-11. Graphs depict the differences in response to various treatments on the percentage of CD4+ T cells present in 

the lungs of mice shown in the right panel. Bars represent the mean ± SEM. ANOVA test was used to analyze the data. (B) The left panel represents FACS plots 

for CD4+ T cells in the spleen of mice immunized with the multi-epitope coronavirus vaccine and treated with CXCL-9, CXCL-10, and CXCL-11. Graphs on the 

right panel show the difference in response to different chemokine treatments on the percentage of CD4+ T cells in the spleen of mice. The data represent two 

independent experiments; the graphed values and bars represent the SD between the two experiments.
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Materials and Methods. Vaccinated/chemokine-treated and vaccinated/untreated mice 
were euthanized on day 27 post-vaccination, and the frequencies of the three major 
lung-resident memory CD4+ and CD8+ T cells expressing CXCR3, CD103, CD62L, and 
CD44 among total lung cells [i.e., effector memory (TEM), resident memory (TRM), and 
central memory (TCM)] were determined by FACS, as described in Materials and Methods.

A significant increase was observed in the frequency of total CD4+ T cells among 
immunized mice compared to mock mice (Fig. 4A). Similarly, we found a significant 
increase in CD103+CD4+ T cells, CD44+CD62L−CD4+ T cells, and CD44+CD62L+CD4+ T 
cells in mice immunized with the CoV-Vacc. However, CXCR3+CD4+ T cells did not show 
significant variation for mice immunized with CoV Vacc + CXCL-9, CoV Vacc + CXCL-10, 
or CoV Vacc + CXCL-11 compared to mice immunized only with Vacc or mock group 
of mice. In Fig. 5A, a higher magnitude in the frequency of total CD8+ T cells in lung 
immune cells was observed in the immunized mice. Furthermore, the mice immunized 
with CoV Vacc showed a significant increase in CXCR3+CD8+ T cells, CD44+CD62L−CD8+ 

T cells, and CD44+CD62L+CD8+ T cells when compared to the mock group. However, 
CD103+CD8+ T cells showed a decrease in the CoV Vacc + CXCL-11 group compared to 
the immunized and mock groups. As shown in Fig. 4B and 5B; Fig. S1, no significant 
difference was observed in the frequencies of CD4+ and CD8+ T cells among immunized 
and chemokine-treated mice compared to CoV Vacc and mock mice in the spleens.

These results demonstrate that the protection induced by the multi-epitope/CXCL11 
prime/pull coronavirus vaccine in SARS-CoV-2-infected HLA-DR*0101/HLA-A*0201/
hACE2 triple transgenic mice is associated with high frequencies of lung-resident 
memory CD4+ and CD8+ TEM, TCM, and TRM cells.

FIG 5 The effect of treatment with CXCL-9, CXCL-10, and CXCL-11chemokines on CD8+ T cells in the lung and spleen of immunized HLA-DR*0101/HLA-A*0201/

hACE2 triple transgenic mice. (A) The left panel shows FACS plots for CD8+ T cells in the lungs of mice immunized with the multi-epitope coronavirus vaccine 

and treated with CXCL-9, CXCL-10, and CXCL-11. Graphs depict the differences in response to various treatments on the percentage of CD8+ T cells present in 

the lungs of mice shown in the right panel. Bars represent the mean ± SEM. ANOVA test was used to analyze the data. (B) The left panel represents FACS plots 

for CD8+ T cells in the spleen of mice immunized with the multi-epitope coronavirus vaccine and treated with CXCL-9, CXCL-10, and CXCL-11. Graphs on the 

right panel show the difference in response to different chemokine treatments on the percentage of CD4+ T cells in the spleen of mice. The data represent two 

independent experiments; the graphed values and bars represent the SD between the two experiments.
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Increasing the function of virus-specific lung-resident memory CD4+ and 
CD8+ T cells by the multi-epitope/CXCL11 prime/pull coronavirus vaccine 
approach

Since the protection induced by the multi-epitope/CXCL11 prime/pull coronavirus 
vaccine in SARS-CoV-2-infected HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice 
is associated with higher frequencies of lung-resident memory CD4+ and CD8+ TEM, TCM, 
and TRM cells, we next determined whether such protection was associated with the 
increased functionality of lung-resident memory CD4+ and CD8+ T cells. We compared 
the effect of immunization with the three multi-epitope prime/pull coronavirus vaccine 
candidates based on CXCL-9, CXCL-10, and CXCL-11 T cell-attracting chemokines before 
challenging with SARS-CoV-2 (Fig. 6). As controls, we used (i) HLA-DR*0101/HLA-A*0201/
hACE2 triple transgenic mice, which received the same multi-epitope CoV-Vacc bearing 
human CD4+ and CD8+ T cell epitopes without chemokine treatment (CoV Vacc alone), 
and (ii) mock-vaccinated mice (mock) which were not vaccinated with CoV-Vacc or 
treated with the chemokines.

For this experiment, 8–9-week-old HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic 
mice (n = 35) were first immunized with the multi-epitope coronavirus vaccine (CoV-
Vacc) delivered intranasally at 2 × 1010 VP per mouse. Vaccinated HLA-DR*0101/HLA-
A*0201/hACE2 triple transgenic mice were subsequently left untreated (control) or 
treated intranasally on days 10, 12, and 14 post-vaccination and on days 22, 24, and 

FIG 6 The effect of treatment with CXCL-9, CXCL-10, and CXCL-11 chemokines on CD4+ T cells and CD8+ T cells in the lung of immunized HLA-DR*0101/

HLA-A*0201/hACE2 triple transgenic mice. (A) The left panel shows FACS plots for CD4+ T cells, using a pool of tetramers representing the CD4+ T cell in 

the vaccine, in the lungs of mice immunized with the multi-epitope coronavirus vaccine and treated with CXCL-9, CXCL-10, and CXCL-11. Graphs depict the 

differences in response to various treatments on the percentage of CD4+ T cells present in the lungs of mice shown in the right panel. Bars represent the mean 

± SEM. ANOVA test was used to analyze the data. (B) The left panel represents FACS plots for CD8+ T cells, using a pool of tetramers representing the CD8+ T 

cell in the vaccine, in the lungs of mice immunized with the multi-epitope coronavirus vaccine and treated with CXCL-9, CXCL-10, and CXCL-11. Graphs on the 

right panel show the difference in response to different chemokine treatments on the percentage of CD8+ T cells in the lungs of mice. (C) Representative IHC 

sections of triple transgenic hACE2-HLA-A2/DR mice lung tissue collected 14 days after exposure to SARS-CoV-2, stained with SARS-CoV-2 nucleocapsid antibody 

in yellow, arrows indicate virus staining. The data represent two independent experiments; the graphed values and bars represent the SD between the two 

experiments.
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26 post-vaccination with the CXCL-9, CXCL-10, or CXCL-11 T cell-attracting chemokine 
as described in Materials and Methods. Vaccinated/chemokine-treated and vaccina­
ted/untreated mice were euthanized on day 27 post-vaccination, and immune cells were 
harvested for the frequency and the function of major lung memory CD4+ and CD8+ T 
cells determined by FACS, as described in Materials and Methods.

We found a significant increase in the percentage of tetramer+ CD4+ T cells (pool of 
tetramers representing the CD4+ T cell in the vaccine) among immunized and CXCL11-
treated mice compared to all other mice groups (Fig. 6A). Similarly, we found a significant 
increase in Granzyme B+ CD4+ T cells, IFN-γ+CD4+ T cells, and TNF-α+CD4+ T cells in mice 
immunized with the CoV-Vacc and treated with the chemokine CXCL11 but not with 
CXCL9 or CXCL10. Similarly, an increase in magnitude in the percentage of tetramer+ 

CD8+ T cells (pool of tetramers representing the CD8+ T cell in the vaccine) was seen in 
the lungs of immunized and CXCL11-treated mice compared to all other mice groups 
(Fig. 6B). Significant increases in Granzyme B+ CD8+ T cells and TNF-α+CD8+ T cells 
were also observed in the lungs of the CoV Vacc + CXCL-11 group compared to the 
immunized and mock groups. IFN-γ+CD8+ T cells were not significantly increased among 
all the groups. No significant differences in spike-specific antibody titers were detected 
in animals that received the CoV-Vacc alone compared to animals that received CoV-Vacc 
together with treatment with CXCL11, CXCL9, or CXCL10 chemokines (Fig. S2).

We performed nucleocapsid-specific antibody-based IHC staining on lung tissues 
from vaccinated/treated and unvaccinated/untreated HLA-DR*0101/HLA-A*0201/hACE2 
triple transgenic mice. As shown in Fig. 6C, we observed a significant reduction in 
the expression of SARS-CoV-2 nucleocapsid protein in the lungs of CoV-vaccinated and 
CXCL11 treatment compared to the lungs of unvaccinated and untreated mice (Fig. 
6C). In addition, a gradual reduction in the expression of SARS-CoV-2 nucleocapsid 
protein was observed in the lungs of the CoV-Vacc + CXCL11-treated group followed by 
CoV-Vacc alone, CoV-Vacc + CXCL10, CoV-Vacc + CXCL9, and mock groups (Fig. 6C).

Taken together, these results demonstrate that the protection induced by the 
multi-epitope/CXCL11 prime/pull coronavirus vaccine in SARS-CoV-2-infected HLA-
DR*0101/HLA-A*0201/hACE2 triple transgenic mice is associated with high frequencies 
of virus-specific functional CD4+ and CD8+ T cells in the lungs, expressing Granzyme B 
and producing both IFN-γ and TNF-α.

DISCUSSION

Over 3 years have passed since humanity was confronted by COVID-19 (20). Parenteral 
COVID-19 vaccines have induced neutralizing antibodies against COVID-19, but they 
have failed to induce SARS-CoV-2-specific memory CD4+ and CD8+ T cells in the lungs 
(21). It has been shown that parenteral vaccines are less effective in inducing mucosal T 
cell immunity than mucosal vaccines (13). These low frequencies of memory SARS-CoV-2-
specific CD4+ and CD8+ T cells in the lungs are associated with severe cases of acute 
and long-term COVID-19, even in some vaccinated patients (22). In addition, because 
many mutations and deletions in the six SARS-CoV-2 variants (Wuhan, Alpha, Beta, 
Gamma, Delta, and Omicron) occur within the Spike protein gene, there is a risk that 
current Spike-based COVID-19 subunit vaccines will not protect against future variants 
of concern (VOCs), despite generating strong neutralizing antibodies against the original 
virus strain (23). This underscores the need for next-generation coronavirus vaccines that 
(i) target antigens (Ags) other than the highly variable Spike protein, (ii) incorporate both 
B and T cell epitopes from Spike and non-Spike Ags that are highly conserved across all 
VOCs to stimulate strong cross-strain humoral and cell-mediated immunity, and (iii) can 
increase SARS-CoV-2-specific CD4+ and CD8+ T cells in the lungs.

The current parenteral subunit COVID-19 vaccines that rely primarily on neutraliz­
ing Spike-specific antibodies have substantially prevented SARS-CoV-2-related hospital 
admissions and deaths. However, Spike-alone-based vaccines have induced low 
frequencies of memory SARS-CoV-2-specific CD4+ and CD8+ T cells in the lungs that 
are associated with severe cases of acute and long COVID-19, even in some boosted 
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patients (24). To address this limitation, we utilized a novel multi-epitope/CXCL11 prime/
pull coronavirus mucosal vaccine strategy to boost the frequencies of functional CD4+ 

and CD8+ TEM, TCM, and TRM cells in the lungs of HLA-DR*0101/HLA-A*0201/hACE2 
triple transgenic mice leading to enhanced protection against SARS-CoV-2 infection, 
COVID-19-like symptoms, and death. This highlights the importance of lung-resident 
CD4+ and CD8+ memory T cells in protection against SARS-CoV-2 infection, COVID-19-like 
symptoms, and death (24). Moreover, T cell-based vaccines are critical in SARS-CoV-2 as 
they can provide long-lasting memory immunity that could potentially protect against 
repetitive infection with multiple variants. CD4+ and CD8+ memory T cells can recognize 
and eliminate infected cells and provide memory immunity in case of re-exposure (6). In 
addition, unlike antibody-based vaccines, T cell-based vaccines have greater potential to 
protect against new and mutated strains of the virus (25).

Chemokines play a complex role in the immune response to viral infections, including 
SARS-CoV-2, by stimulating the production of antiviral proteins, such as interferons. 
However, excessive or dysregulated production of certain chemokines may contribute 
to the development of severe COVID-19 (26). Chemokines are important targets for the 
development of therapeutics to treat different infectious diseases, including SARS-CoV-2; 
however, the explicit roles of these chemokines in SARS-CoV-2 immunity remain to 
be fully explored. Coperchini et al. have screened for the immune responses that 
involve cytokine activation; these chemokines are affiliated with immune cell trafficking, 
respiratory infection regulation, and the chemoattraction of T cells (27). The prime-pull 
approach has been used experimentally with several vaccine targets, including influenza, 
HPV, and hepatitis B (28).

Following acute infection, three major SARS-CoV-2-specific memory CD4+ and CD8+ 

T cell sub-populations, TCM, TEM, and TRM, develop, infiltrate, and sequester in the 
infected lungs in response to a high level of T cell-attracting CXCL9, CXCL10, and CXCL11 
chemokines and other factors. Memory CD4+ and CD8+ T cell infiltrates have been 
reported in the infected lungs of COVID-19 human cadavers (29). Functional CD4+ and 
CD8+ T cells in these infiltrates likely help decrease viral replication in the lungs, the brain, 
and possibly other compartments. However, the low levels of the T cell-attracting CXCL9, 
CXCL10, and CXCL11 chemokines in infected lungs may not be sufficient to facilitate the 
sequestration of CD4+ and CD8+ TRM cells or to guide homing CD4+ and CD8+ TEM and 
TCM cells from circulation into infected lungs. In this study, we found that local delivery 
of the T cell-attracting CXCL11 chemokine, but not of CXCL9 or CXCL10 chemokines, 
markedly increased both the number and function of SARS-CoV-2-specific CD4+ and 
CD8+ TEM and TRM cell sub-populations in infected lungs, thereby improving protection 
against virus replication, COVID-19-like symptoms, and death in SARS-CoV-2-infected 
HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice. These results suggest that (i) 
the number and the function of CD4+ and CD8+ T cells specific for “ASYMP” epitopes may 
be suppressed in the lungs of COVID-19 patients; (ii) local delivery of the T cell-attracting 
CXCL11 chemokine will expand the repertoire and function of SARS-CoV-2-specific CD8+ 

T cells and reduce the likelihood of viral replication in the lungs; and (iii) a prime/pull 
vaccine strategy that increases the number and function of CD4+ and CD8+ T cells in 
infected lungs over a certain threshold would likely lead to enhanced protection in 
humans. The success of this innovative prime/pull vaccine may be due to the expansion 
and survival characteristics of CD4+ and CD8+ T cell precursors, as well as an increase 
in the number and function of other immune cells in lungs, including APCs following 
CXCL11 treatment (19). This contributes not only to the homing of CD4+ and CD8+ TEM 
cell sub-populations in infected lungs but also to the increased expansion and survival of 
local tissue-resident CD4+ and CD8+ TRM cells that were already present within the lungs.

SARS-CoV-specific CD4+ and CD8+ T cells that reside in the lungs appeared to 
play a critical role in aborting virus replication (30). In designing an effective human 
multi-epitope coronavirus vaccine, it is critical to identify the protective coronavirus 
epitopes contained within the open reading frames (ORFs) of the SARS-CoV-2 genome. 
Such epitopes are preferentially recognized by the human CD4+ and CD8+ T cells from 
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“naturally” protected ASYMP individuals who, despite being infected, do not develop 
COVID-19 disease (31). We previously implemented several in silico, ex vivo, in vitro, 
and in vivo phenotypic and functional immunological methods to efficiently generate 
a genome-wide map of the responsiveness of SARS-CoV-2-specific CD4+ and CD8+ T 
cells in ASYMP individuals, leading to the identification of several previously unknown 
protective human “ASYMP” CD4+ and CD8+ T cell epitopes. These “ASYMP” epitopes are 
associated with frequent, robust, and polyfunctional CD4+ and CD8+ TEM cell responses. 
The present study extends these previous findings by demonstrating that immunization 
of a novel “humanized” susceptible HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic 
mouse model with these “ASYMP” epitopes induced a strong CD4+ and CD8+ T cell-
dependent protective immunity against COVID-19-like symptoms. Furthermore, utilizing 
the novel prime-pull vaccine strategy, based on priming CD4+ and CD8+ T cells with 
multiple “ASYMP” epitopes followed by treatment with the CXCL11 T cell-attracting 
chemokine, significantly boosted the number of functional anti-viral CD4+ and CD8+ 

TEM and TRM cells in the lungs of SARS-CoV-2-infected mice and improved protection 
against COVID-19-like symptoms. These findings have important implications for the 
development of T cell-based prophylactic COVID-19 vaccine strategies to protect against 
COVID-19 infections and diseases in humans.

In the era of omics, multiple B and T cell epitope-based vaccines are being devel­
oped to tackle other coronavirus infections and diseases for which vaccine development 
has been unsuccessful (32). However, low frequencies of SARS-CoV-2-specific CD4+ and 
CD8+ T cells have hampered genome-wide identification of protective SARS-CoV-2 CD4+ 

and CD8+ T cell epitopes that are associated with the “natural protective immunity” 
seen in asymptomatic COVID-19 patients (21). The recent availability of comprehensive 
genomic data sets of SARS-CoV-2 has shifted the paradigm of vaccine development 
from virological to sequence-based approaches (33). Our recent genome-wide screening 
of the SARS-CoV-2 sequence using cohorts of symptomatic (SYMP) and asymptomatic 
(ASYMP) COVID-19 patients identified several previously unknown CD4+ and CD8+ T 
cell epitopes that span a wide range of structural and non-structural SARS-CoV-2 
proteins (14, 15, 19). Previously, we characterized the phenotype and function of CD4+ 

and CD8+ T cell epitopes in ASYMP COVID-19 patients and “humanized” HLA-DR*0101/
HLA-A*0201 double transgenic mice (14). The present study extended our previous 
report and implemented an innovative prime/pull vaccine strategy that increases the 
size and function of SARS-CoV-2-specific CD4+ and CD8+ T cells in infected lungs. Our 
study demonstrated for the first time a protective efficacy against SARS-CoV-2 infection, 
COVID-19-like symptoms, and death in a “humanized” HLA-DR*0101/HLA-A*0201/hACE2 
triple transgenic mouse model (15).

The inadequacy of many animal models of SARS-CoV-2 infection and immunity 
has made it challenging to explore the immune mechanisms that lead to protection 
against COVID-19 (34). One critical question is which animal model would be the 
most appropriate to mimic the immuno-pathological aspects of COVID-19 symptoms 
as occur in humans? ACE-2 transgenic mice have been the animal models of choice 
for most COVID-19 immunologists, and the results from ACE-2 transgenic mouse model 
have yielded substantial insights into the protective mechanisms during primary acute 
infection (35, 36). Characterization of the phenotype and function of protective SARS-
CoV-2-specific memory CD4+ and CD8+ T cells in ACE-2 transgenic mice has been 
largely limited to T cells specific to the immunodominant SARS-CoV-2 mouse epito­
pes studied during acute infection (37, 38). In the present study, we used a novel 
“humanized” susceptible HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mouse 
model and validated it for COVID-19 disease. We evaluated its safety, immunogenicity, 
and protective efficacy in the context of our multi-epitope/CXCL11 prime/pull corona­
virus mucosal vaccine. Importantly, these triple transgenic mice express the human 
HLA-A*0201 and HLA-DR*0101-molecules, in place of mouse MHC molecules. Hence, this 
introduces an important new small animal model to study the role of HLA-restricted 
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CD4+ and CD8+ T cells specific to human SARS-CoV-2 epitopes in protection against virus 
replication and COVID-19-like symptoms.

In the present study, for most experiments, we chose the oropharyngeal swab (over 
lung tissues) because of multiple practical and safety considerations: (i) collection of 
oropharyngeal swab samples can be performed at multiple time points without having 
to euthanize the animals. In contrast, collecting lung tissue to perform viral titration 
requires the euthanasia of animals at each time point, which would result in a substantial 
increase in the number of animals to be enrolled in each experiment. Because of the 
limitation of animals on our HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mouse 
colony, we could not use large numbers of animals in this colony at multiple time points 
to collect the lungs and perform viral titration; and (2) practical and safety restrictions 
limit the ability to perform multiple time point experiments in the high-containment 
BSL3 laboratory. Thus, we adapted the approach of collecting nasopharyngeal swabs in 
our mouse models infected with the SARS-CoV-2 WA/USA variant.

In this present study, we chose the qPCR-based approach for viral titration (over 
the plaque assay) because of practical and safety considerations: (i) the CDC recommen­
dation that nasopharyngeal and oropharyngeal swabs are good sources to measure 
SARS-CoV-2 viral titer in humans (39); and (ii) although the plaque assay is considered 
one of the gold standards of viral titration, the qPCR also offers several advantages, 
such as a lower threshold of detection; the potential stability of the assay after speci­
men freezing and thawing, thus permitting sample batching; a less subjective assay 
readout; and an assay that is unaffected by therapeutic passive neutralizing antibodies or 
experimental antiviral agents. On day 14 p.i., at the end of experiments, we euthanized 
the HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic and K18-hACE2 mice, and the 
lungs were collected for viral titration.

The lung-tropic AAV9 vector used in our prime/pull vaccine has rapidly moved to the 
forefront of human therapies in the past few years (40). We chose AAV9 because (i) it 
is a lung-tropic virus with the potential of persistent transgene expression in epithelial 
cells; (ii) it can superinfect SARS-CoV-2-infected cells; (iii) it can accommodate insertion of 
up to 4.7 kb of DNA; and (iv) it is non-pathogenic. Clinical trials using AAV vectors have 
shown only transient inflammation while demonstrating clinical benefits. No side effects 
were observed in SARS-CoV-2-infected mice during the 30 days of monitoring following 
treatment with the AAV9 vector. However, long-term monitoring of the lungs and brain 
for pathology associated with AAV9 will be necessary to ensure the vectors’ safety for 
eventual use in COVID-19 patients. A novelty of this study is to evaluate the safety 
and protective efficacy of the multi-epitope coronavirus vaccine in a triple transgenic 
HLA-DR*0101/HLA-A*0201/hACE2 mice model. The experiment is meant to “priming” T 
cells with the CoV-Vacc comprising CD8+ T cell and CD4+ T cell epitopes and “pulling” the 
primed T cells into infected lung tissues by administering T cell-attracting chemokines: 
CXCL9, CXCL10, or CXCL11. These T cell-attracting chemokines are proteins that induce 
chemotaxis, promote T cell differentiation, and cause tissue extravasation (28). Following 
several kinetic studies of chemokine treatments (not shown), we have identified the 
optimal protocol for recruiting high frequencies of protective TRM cells into the lungs of 
CoV-Vacc-vaccinated mice. Chemokine treatments at the post-vaccination time points, 
days 10, 12, 14, 22, 24, 26, and the post-challenge time points, days 2, 4, 6, were identified 
as the optimal time points for chemokine treatment during the pre- and post-challenge 
with SARS-CoV-2. Our results are in agreement with previous reports on the prime/pull 
vaccine concept that increases homing and retaining the protective TRM cells in the 
affected tissues (41–44).

In conclusion, the present study (i) validated previously unreported protective 
“ASYMP” epitopes that are potentially useful if included in a multi-epitope COVID-19 
vaccine; (ii) characterizes the phenotype and the function of the protective CD4+ 

and CD8+ T cell sub-populations associated with immunologic control of SARS-CoV-2 
infection, disease, and deaths; and (iii) demonstrates that bolstering the number of 
functional SARS-CoV-2-specific CD4+ and CD8+ TEM and TRM cells in the lungs through 
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the use of a SARS-CoV-2 human epitope/CXCL11-based prime/pull vaccine protected 
against SARS-CoV-2 infection, disease, and death. Thus, the prime/pull vaccine strategy 
provides an important new means of boosting lung-resident SARS-CoV-specific CD4+ 

and CD8+ memory T cell subsets for better outcomes against SARS-CoV-2 infection.
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