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 34 

 35 

ABSTRACT 36 

 37 

The pandemic of the coronavirus disease 2019 (COVID-19) has created the largest global 38 

health crisis in almost a century. Following exposure to SARS-CoV-2, the virus particles replicate in 39 

the lungs, induce a “cytokine storm” and potentially cause life-threatening inflammatory disease. Low 40 

frequencies of function SARS-CoV-2-specific CD4+ and CD8+ T cells in the lungs of COVID-19 41 

patients were associated with severe cases of COVID-19. The apparent low level of T cell-attracting 42 

CXCL9, CXCL10, and CXCL11 chemokines in infected lungs may not be sufficient enough to assure 43 

the sequestration and/or homing of CD4+ and CD8+ T cells from the circulation into infected lungs. We 44 

hypothesize that a Coronavirus vaccine strategy that boosts the frequencies of functional SARS-CoV-45 

2-specific CD4+ and CD8+ T cells in the lungs would lead to better protection against SARS-CoV-2 46 

infection, COVID19-like symptoms, and death. In the present study, we designed and pre-clinically 47 

tested the safety, immunogenicity, and protective efficacy of a novel multi-epitope//CXCL11 prime/pull 48 

mucosal Coronavirus vaccine. This prime/pull vaccine strategy consists of intranasal delivery of a 49 

lung-tropic adeno-associated virus type 9 (AAV-9) vector that incorporates highly conserved human B, 50 

CD4+ CD8+ cell epitopes of SARS-CoV-2 (prime) and pulling the primed B and T cells into the lungs 51 

using the T cell attracting chemokine, CXCL-11 (pull). We demonstrated that immunization of HLA-52 

DR*0101/HLA-A*0201/hACE2 triple transgenic mice with this multi-epitope//CXCL11 prime/pull 53 

Coronavirus mucosal vaccine: (i) Increased the frequencies of CD4+ and CD8+ TEM, TCM, and TRM cells 54 

in the lungs; and (ii) reduced COVID19-like symptoms, lowered virus replication, and prevented 55 

deaths following challenge with SARS-CoV-2. These findings discuss the importance of bolstering the 56 

number and function of lung-resident memory CD4+ and CD8+ T cells for better protection against 57 

SARS-CoV-2 infection, COVID-19-like symptoms, and death. 58 

  59 

 60 
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INTRODUCTION 61 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a novel coronavirus 62 

identified at the end of 2019, has led to the current global pandemic. The SARS-CoV-2 virus belongs 63 

to the subgenus sarbecovirus of the genus betacoronavirus, the genus from which two SARS-CoV-2 64 

closely related viruses (SARS-CoV-1 and MERS-CoV) have crossed the species barrier to humans 65 

over the past two decades (1). SARS-CoV-2 uses angiotensin-converting enzyme 2 (ACE2) receptors 66 

to enter and infect pulmonary alveolar cells (2-4). This in turn causes the SARS-CoV-2 virus particles 67 

to replicate in the lungs, inducing a phenomenon commonly known as a “cytokine storm” and 68 

potentially causing life-threatening inflammatory lung disease (5, 6).  69 

SARS-CoV-specific CD4+ and CD8+ T cells that reside in the lungs appeared to play a critical 70 

role in aborting virus replication. However, low frequencies of functional SARS-CoV-2-specific CD4+ 71 

and CD8+ T cells in the lungs of COVID-19 patients were associated with severe COVID-19 cases (7). 72 

Three major SARS-CoV-2-specific memory CD4+ and CD8+ T cell subsets (i.e. effector memory (TEM), 73 

resident memory (TRM), and central memory (TCM)), develop, infiltrate and sequester in the infected 74 

lungs in response to three major T-cell-attracting chemokines: CXCL9, CXCL10, and CXCL11 among 75 

others and enable induced T cells to relocate to specific sites of infection, such as the lungs (8-10). 76 

CXCR3, a common chemokine receptor of CXCL-9, CXCL-10, and CXCL-11, is expressed on effector 77 

and memory T cells and is responsible for the chemotaxis of T cells within this axis (11, 12). However, 78 

the apparent low levels of T cell-attracting chemokines CXCL9, CXCL10, and CXCL11 in the infected 79 

lungs of severely ill COVID-19 patients may not be sufficient enough to assure sequestration of CD4+ 80 

and CD8+ TRM cells or to guide homing CD4+ and CD8+ TEM and TCM cells from the circulation into 81 

infected lungs (12, 13).  82 

Parenteral vaccines, administrated intramuscularly or subcutaneously, are often less effective 83 

in boosting the frequencies of functional CD4+ and CD8+ T cells in mucosal tissues including, the 84 

pulmonary mucosal site of SARS-CoV-2 replication (14,15). In contrast, mucosal vaccines can 85 

potentially produce both mucosal and systemic T-cell immunity (16). In the present study, we 86 

hypothesize that a prime/pull vaccine strategy that consists of (i) First priming SARS-CoV-2-specific B 87 
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cells, CD4+ T cells, and CD8+ T cells using the engineered lung-tropic AAV9 vector co-expressing the 88 

recently identified immunodominant human CD4+, and CD8+ T cell epitopes (designated in this report 89 

as CoV-Vaccine) and delivered intranasally followed by; (ii) Pulling the “primed” CD4+ T cells, and 90 

CD8+ T cells into the lungs using CXCL-9, CXCL-10, or CXCL-11 T-cell attracting chemokines 91 

delivered intranasally (nose drops), will boost the frequency of functional CD4+ and CD8+ T cells and 92 

led to strong local protective T-cell immunity in the lungs against SARS-CoV-2 infection, COVID19-93 

like symptoms, and death (17). 94 

Using a rational reverse vaccine engineering approach, we designed and pre-clinically tested 95 

the safety, immunogenicity, and protective efficacy of three multi-epitope prime/pull Coronavirus 96 

mucosal vaccine candidates (18). These Coronavirus mucosal vaccines consist of intranasal delivery 97 

of a lung-tropic adeno-associated virus type 9 (AAV-9) vector that incorporates highly conserved 98 

human B, CD4+ CD8+ cell epitopes of SARS-CoV-2 that are selectively recognized by the B and T 99 

cells from naturally protected asymptomatic COVID patients (prime), and pulling the primed T cells 100 

into the mucosal sites of the lungs using the T cell attracting chemokines CXCL-9 CXCL-10 or CXCL-101 

11  (pull) (19). We demonstrated that immunization of a novel HLA-DR*0101/HLA-A*0201/hACE2 102 

triple transgenic mouse model with a multi-epitope//CXCL11 prime/pull Coronavirus mucosal vaccine 103 

boosted the highest frequencies of functional lung-resident CD4+ and CD8+ memory T  cells 104 

associated with strong protection against SARS-CoV-2 infection, COVID19-like symptoms, and death. 105 

  106 
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RESULTS 107 

1. Treatment of SARS-CoV-2-infected K18-hACE2 mice with CXCL-11 T-cell-attracting 108 

chemokine improves COVID-19-like symptoms and survivals: We first determined whether 109 

treatment of SARS-CoV-2 infected K18-hACE2 mice with CXCL-9, CXCL-10, and CXCL-11 T-cell-110 

attracting chemokines will improve COVID-19-like symptoms. Eight to nine-week-old K18-hACE2 111 

transgenic mice (n = 20) were first infected intranasally with SARS-CoV-2 (1 x 104 pfu/mouse of 112 

Washington USA-WA1/2020 variant) and were subsequently left untreated (control) or treated 113 

intranasally on days 3, 5, 7 and 9 post-infection either with CXCL-9, CXCL-10, or CXCL-11 114 

chemokine (Fig. 1A). Chemokine-treated and untreated mice were then followed daily for the 115 

percentage of body weight and survival (i.e., COVID-19-like symptoms and death scoring). SARS-116 

CoV-2-infected and CXCL-11-treated K18-hACE2 mice presented significant protection against 117 

weight loss (Fig. 1B) and death (Fig. 1C) compared to the SARS-CoV-2-infected untreated control 118 

K18-hACE2 mice (P < 0.05). However, SARS-CoV-2-infected and CXCL-9-treated K18-hACE2 mice 119 

did not show significant improvement in weight loss (Fig. 1B) and death (Fig. 1C) compared to the 120 

SARS-CoV-2-infected untreated control K18-hACE2 mice (P > 0.05). Similar to the CXCL-11-treated 121 

K18-hACE2 mice, the CXCL-10-treated K18-hACE2 mice showed better survival (100% survival vs. 122 

75% survival, respectively, Fig. 1C). 123 

Altogether, these results indicate that among the three CXCL-9, CXCL-10, and CXCL-11 T-124 

cell-attracting chemokines; treatment with the CXCL-11 chemokine significantly improved COVID-19-125 

like symptoms and reduced deaths in SARS-CoV-2 infected K18-hACE2 mice.  126 

 127 

2. A multi-epitope/CXCL11 prime/pull Coronavirus vaccine protects against COVID19-128 

like symptoms in HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice following infection 129 

with SARS-CoV-2: Since treatment with the CXCL-11, but not CXCL-9 and CXCL-10 chemokines, 130 

appeared to improve COVID-19-like symptoms and survivals of K18-hACE2 mice following infection 131 

with SARS-CoV-2, we next determined whether CXCL-11 treatment would also improve the protection 132 

induced by a multi-epitope coronavirus vaccine.  133 
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We thus compared the protective efficacy of multi-epitope prime/pull Coronavirus vaccine 134 

candidates bearing multiple human CD4+ and CD8+ T cell epitopes. For this experiment, we: (1) 135 

designed and produced a multi-epitope Coronavirus vaccine that co-express recently identified 16 136 

highly conserved human CD8+ T cell epitopes, 6 highly conserved human CD4+ T cell epitopes, and 8 137 

highly conserved human B cell epitopes all expressed in tandem under improved CMV promoter 138 

(CAG) in a lung-tropic adeno-associated virus type 9 (AAV9) vector (designated as CoV-Vacc, Fig. 139 

2A); and (2) generated a novel HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice expressing 140 

human ACE2, human HLA class 1 (HLA-A*0201) and class 2 (HLA-DR*0101) following challenge with 141 

SARS-CoV-2.  142 

As illustrated in Figs. 2B, the prime/pull Coronavirus vaccination consists of (i) First priming of 143 

SARS-CoV-2-specific B cells, CD4+ T cells, and CD8+ T cells in HLA-DR*0101/HLA-A*0201/hACE2 144 

triple transgenic mice using the engineered lung-tropic AAV9 multi-epitope Coronavirus vaccine co-145 

expressing the recently identified immunodominant B, CD4+, and CD8+ T cell epitopes (i.e. CoV-Vacc) 146 

and delivered intranasally followed by (ii) Pulling the “primed” B cells, CD4+ T cells, and CD8+ T cells 147 

into the lungs using mouse CXCL-9, CXCL-10, or CXCL-11 T-cell attracting chemokines delivered 148 

intranasally (nose drops).  149 

As illustrated in Fig. 2B, the HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice (eight to 150 

nine-week-old, n = 35)) were intranasally immunized with 2x1010 VP per mouse of CoV-Vacc. The 151 

immunized mice were divided into 5 groups of 7 mice each and subsequently left untreated (CoV-152 

Vacc.  alone) or treated intranasally with 2.4 μg of CXCL-9 (n = 7), CXCL-10 (n = 7), or CXCL-11 (n = 153 

7) on days 10, 12, 14, 22, 24, 26 post-immunization. The fifth control group (n = 7) was neither 154 

immunized with the CoV-Vacc. nor treated with the chemokines (mock). On day 28 post-155 

immunization, mice were intranasally challenged with 1 x 104 pfu of SARS-CoV-2 (USA-WA1/2020). 156 

Subsequently, all vaccinated groups received additional treatment with CXCL-9, CXCL-10, or CXCL-157 

11 on days 30, 32, and 34 post-immunization. All animals were then monitored for up to day 14 post-158 

infection (p.i.), for weight loss, virus replication in the lungs, and death. On day 14 p.i., mice were 159 

euthanized, and lungs were collected for lung inflammation using H & E staining.  160 
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We observed significant protection against weight loss in the group of mice that received the 161 

multi-epitope//CXCL11 prime/pull CoV-Vacc compared to the multi-epitope//CXCL9 prime/pull CoV-162 

Vacc. group, the multi-epitope//CXCL10 prime/pull CoV-Vacc group, as well as the Mock control 163 

group (P < 0.005, Fig. 3A). Between days 5 and 9 post-challenge with SARS-CoV-2, the multi-164 

epitope//CXCL11 prime/pull CoV-Vacc group lost only around 2% of their initial weight, whereas the 165 

remaining groups showed a significant loss in their initial weight that varied between 4% to 10% (Fig. 166 

3A). Accordingly, a significant reduction in virus replication was recorded in the lungs of multi-167 

epitope//CXCL11 prime/pull CoV-Vacc group of mice compared to other groups  (Fig. 3C). 168 

Significantly lower viral RNA copy numbers were detected on both days 4 and 8 post-infection in the 169 

lungs of the multi-epitope//CXCL11 prime/pull CoV-Vacc group compared to other groups (Fig. 3C). 170 

Moreover, from day 0 to day 14 post-challenge with SARS-CoV-2, the multi-epitope//CXCL11 171 

prime/pull CoV-Vacc group of mice showed 100% survival whereas the remaining groups depicted 172 

only 60% to 80% survival (Fig. 3B). The lowest virus replication in the lungs of multi-epitope//CXCL11 173 

prime/pull CoV-Vacc. group of mice was associated with less inflammatory cells infiltrating the lungs 174 

(Fig. 3D). Less pulmonary pathological changes characterized by (i) open alveolar air spaces, (ii) less 175 

inflammation, and (iii) less residual cellular debris in air spaces with less alveolar damage, were 176 

observed in the H & E sections from mice immunized with Pan-CoV-Vacc and treated with CXCL-11 177 

(Fig. 3D).  178 

Altogether, these results demonstrate that the multi-epitope//CXCL11 prime/pull Coronavirus 179 

vaccine protected against COVID19-like symptoms and reduced virus replication and inflammation in 180 

the lungs, and prevented deaths in HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice following 181 

infection with SARS-CoV-2. 182 

 183 

3. Bolstering the frequencies of lung-resident memory CD4+ and CD8+ TEM, TCM, and TRM 184 

cells through the multi-epitope/CXCL11 prime/pull Coronavirus vaccine protected HLA-185 

DR*0101/HLA-A*0201/hACE2 triple transgenic mice following SARS-CoV-2 infection: Since the 186 

multi-epitope//CXCL11 prime/pull Coronavirus vaccine appeared to prevent weight loss, to reduce 187 
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virus replication and inflammation in the lungs and to prevent deaths in HLA-DR*0101/HLA-188 

A*0201/hACE2 triple transgenic mice following infection with SARS-CoV-2, we next determined 189 

whether such protection would be associated with increased frequencies of lung-resident memory 190 

CD4+ and CD8+ T cells.  191 

Next, we compared the effect of immunization with the three multi-epitope prime/pull 192 

Coronavirus vaccine candidates based on CXCL-9, CXCL-10, and CXCL-11 T-cell-attracting 193 

chemokines on the frequencies of three major lung-resident memory CD4+ and CD8+ T cell subsets 194 

(i.e. effector memory (TEM), resident memory (TRM), and central memory (TCM))  in the lungs of HLA-195 

DR*0101/HLA-A*0201/hACE2 triple transgenic mice, before (Fig. 4) and after (Fig. 5) challenge with 196 

SARS-CoV-2 (Fig. 2B). As controls, the frequencies of three major lung-resident memory CD4+ and 197 

CD8+ T cell subsets were compared in HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice that 198 

received the same multi-epitope CoV-Vacc bearing human CD4+ and CD8+ T cell epitopes without 199 

chemokine treatment (CoV Vacc alone) as well as in mock-vaccinated mice (Mock).  200 

For this experiment, eight to nine-week-old HLA-DR*0101/HLA-A*0201/hACE2 triple 201 

transgenic mice (n = 35) were first immunized with the multi-epitope Coronavirus vaccine (CoV-Vacc) 202 

delivered intranasally at 2 x 1010 VP per mouse. Vaccinated HLA-DR*0101/HLA-A*0201/hACE2 triple 203 

transgenic were subsequently left untreated (control) or treated intranasally on days 10, 12, and 14 204 

post-vaccination and on days 22, 24, and 26 post-vaccination with the CXCL-9, CXCL-10, or CXCL-205 

11 T-cell-attracting chemokine as described in Materials and Methods. Vaccinated/chemokine-treated 206 

and Vaccinated/untreated mice were euthanized on day 27 post-vaccine and the frequencies of the 207 

three major lung-resident memory CD4+ and CD8+ T cells expressing CXCR3, CD103, CD62L, and 208 

CD44 among total lung cells (i.e. effector memory (TEM), resident memory (TRM), and central memory 209 

(TCM)) were determined by FACS, as described in Materials and Methods.  210 

We found a significant increase in the frequency of total CD4+ T cells among immunized mice 211 

compared to mock mice (Fig. 4A). Similarly, we found a significant increase in CD103+CD4+ T cells, 212 

CD44+CD62L- CD4+ T cells, and  CD44+CD62L+CD4+ T cells in mice immunized with the CoV-Vacc. 213 

However, CXCR3+CD4+ T cells did not show significant variation for mice immunized with CoV Vacc + 214 
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CXCL-9, CoV Vacc + CXCL-10, or CoV Vacc + CXCL-11, compared to mice immunized only with 215 

Vacc or mock group of mice. In (Fig. 5A), a higher magnitude in the frequency of total CD8+ T cells in 216 

lung immune cells was shown to be observed in the immunized mice. Further, the mice immunized 217 

with CoV Vacc showed a significant increase in CXCR3+CD8+ T cells, CD44+CD62L-CD8+ T cells, and  218 

CD44+CD62L+CD8+ T cells when compared to the mock group. However, CD103+CD8+ T cells 219 

showed a decrease in the CoV Vacc + CXCL-11 group compared to the immunized and mock groups. 220 

Altogether, these results demonstrate that the protection induced by the multi-221 

epitope//CXCL11 prime/pull Coronavirus vaccine in SARS-CoV-2 infected HLA-DR*0101/HLA-222 

A*0201/hACE2 triple transgenic mice is associated with high frequencies of lung-resident memory 223 

CD4+ and CD8+ TEM, TCM, and TRM cells. 224 

 225 

4. Bolstering the function of virus-specific lung-resident memory CD4+ and CD8+ T cells 226 

through the multi-epitope/CXCL11 prime/pull Coronavirus vaccine protected HLA-227 

DR*0101/HLA-A*0201/hACE2 triple transgenic mice following SARS-CoV-2 infection:: Since the 228 

protection induced by the multi-epitope//CXCL11 prime/pull Coronavirus vaccine in SARS-CoV-2 229 

infected HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice is associated with high frequencies 230 

of lung-resident memory CD4+ and CD8+ TEM, TCM, and TRM cells, we next determined whether such 231 

protection would be associated with increased frequencies of lung-resident memory CD4+ and CD8+ T 232 

cells.  233 

We compared the effect of immunization with the three multi-epitope prime/pull Coronavirus vaccine 234 

candidates based on CXCL-9, CXCL-10, and CXCL-11 T-cell-attracting chemokines on the function 235 

and specificity of pulled CD4+ and CD8+ T cells in the lungs of HLA-DR*0101/HLA-A*0201/hACE2 236 

triple transgenic mice, before (Fig. 6) challenge with SARS-CoV-2 (Fig. 2B). As controls, HLA-237 

DR*0101/HLA-A*0201/hACE2 triple transgenic mice that received the same multi-epitope CoV-Vacc 238 

bearing human CD4+ and CD8+ T cell epitopes without chemokine treatment (CoV Vacc alone) as well 239 

as in mock-vaccinated mice (Mock).  240 
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For this experiment, eight to nine-week-old HLA-DR*0101/HLA-A*0201/hACE2 triple 241 

transgenic mice (n = 35) were first immunized with the multi-epitope Coronavirus vaccine (CoV-Vacc) 242 

delivered intranasally at 2 x 1010 VP per mouse. Vaccinated HLA-DR*0101/HLA-A*0201/hACE2 triple 243 

transgenic were subsequently left untreated (control) or treated intranasally on days 10, 12, and 14 244 

post-vaccination and on days 22, 24, and 26 post-vaccination with the CXCL-9, CXCL-10, or CXCL-245 

11 T-cell-attracting chemokine as described in Materials and Methods. Vaccinated/chemokine-treated 246 

and Vaccinated/untreated mice were euthanized on day 27 post-vaccine immune cells were 247 

harvested for the frequency and the function of major lung-memory CD4+ and CD8+ T cells 248 

determined by FACS, as described in Materials and Methods.  249 

We found a significant increase in the percentage of tetramer+CD4+ T cells among immunized 250 

and CXCL11-treated mice compared to all other mice groups (Fig. 6A). Similarly, we found a 251 

significant increase in Granzyme B+CD4+ T cells, IFN-γ+CD4+ T cells, and  TNF-α+CD4+ T cells in 252 

mice immunized with the CoV-Vacc and treated with the chemokine CXCL11. In (Fig. 6B), a slight 253 

increase in magnitude in the percentage of tetramer+CD8+ T cells in the lungs of immunized and 254 

CXCL11-treated mice compared to all other mice groups. A significant increase in Granzyme B+CD8+ 255 

T cells and TNF-α+CD8+ T cells was shown in the lungs of the CoV Vacc + CXCL-11 group compared 256 

to the immunized and mock groups. While IFN-γ+CD8+ T cells didn't show a significant increase 257 

among all the groups 258 

 259 

Altogether, these results demonstrate that the protection induced by the multi-260 

epitope//CXCL11 prime/pull Coronavirus vaccine in SARS-CoV-2 infected HLA-DR*0101/HLA-261 

A*0201/hACE2 triple transgenic mice is associated with high frequencies of specific of CD4+ and 262 

CD8+ T cells in the lungs. As well as high expression of Granzyme B, IFN-γ, and TNF-α of those cells. 263 

 264 

 265 

 266 
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DISCUSSION 275 

 276 

For more than 3 years, humanity has been confronting the COVID-19 pandemic caused by the 277 

new SARS-CoV-2 infection (20). While current parenteral COVID-19 parenteral vaccines have 278 

lessened immediate threats by COVID-19, they induced low frequencies of memory SARS-CoV-2-279 

specific CD4+ and CD8+ T cells in the lungs. Unlike mucosal vaccines, parenteral vaccines are often 280 

less effective in inducing mucosal T-cell immunity, such as in the lungs, the site of virus replication 281 

(21). Thus, the low frequencies of memory SARS-CoV-2-specific CD4+ and CD8+ T cells in the lungs 282 

are associated with severe cases of acute and long COVID-19, even in some vaccinated patients 283 

(22). Moreover, because most mutations and deletions that produced the 20 known variants of 284 

concern (VOCs) are concentrated within the sequence of the Spike protein, there is a risk that the 285 

current Spike-based COVID-19 sub-unit vaccines will fail to protect against future VOCs despite 286 

inducing strong neutralizing antibodies against the original virus strain (55). This emphasizes the need 287 

for second-generation Coronavirus vaccines that: (1) Target antigens (Ags) other than the highly 288 

variable Spike protein; (2) Incorporate both B- and T-cell epitopes from Spike and non-Spike Ags that 289 

are highly conserved in all 20 VOCs and that will induce strong humoral and cell-mediated immune 290 

responses; and (3) Can boost the frequencies of functional SARS-CoV-2-specific CD4+ and CD8+ T 291 

cells in the lungs.  292 

In the present study, we describe a novel prime/pull Coronavirus mucosal vaccine strategy 293 

that consists of intranasal delivery of a multi-epitope Coronavirus vaccine that incorporates genome-294 

wide highly conserved SARS-CoV-2 B, CD4+ CD8+ cell epitopes (prime), and pulling primed T cells 295 

using the CXCL-11 T-cell-attracting chemokine (pull). We demonstrated that such a multi-296 

epitope//CXCL11 prime/pull Coronavirus mucosal vaccine: (1) Increased the frequencies of functional 297 

CD4+ and CD8+ TEM, TCM, and TRM cells in the lungs of HLA-DR*0101/HLA-A*0201/hACE2 triple 298 

transgenic mice; (2) protected against COVID19-like symptoms, reduced virus replication in the lungs, 299 

and prevented deaths following intranasal inoculation with SARS-CoV-2. We discussed the new 300 

prime/pull vaccine strategy and the importance of boosting the lung-resident SARS-CoV-specific 301 
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CD4+ and CD8+ memory T  cell subsets for better protection against SARS-CoV-2 infection, COVID-302 

19-like symptoms, and death. 303 

 304 

The current parenteral subunit COVID vaccines that rely on neutralizing Spike-specific 305 

antibodies have prevented SARS-CoV-2-related hospital admission and deaths. However, many 306 

Spike-alone-based vaccines induced low frequencies of memory SARS-CoV-2-specific CD4+ and 307 

CD8+ T cells in the lungs associated with severe cases of acute and long COVID-19, even in some 308 

boosted patients (23). To address this issue, we demonstrated a novel multi-epitope//CXCL11 309 

prime/pull Coronavirus mucosal vaccine strategy boosted the frequencies of functional CD4+ and 310 

CD8+ TEM, TCM, and TRM cells in the lungs of HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice 311 

associated with strong protection against SARS-CoV-2 infection, COVID-19-like symptoms, and 312 

death. In contrast, such protection did not correlate with blocking/neutralizing antibodies. This 313 

highlights the importance of lung-resident CD4+ and CD8+ memory T  cells in protection against 314 

SARS-CoV-2 infection, COVID-19-like symptoms, and death (24). Moreover, T cell-based vaccines 315 

are critical in SARS-CoV-2 as they can provide long-lasting memory immunity that could potentially 316 

protect against repetitive infection with multiple variants. CD4+ and CD8+ memory T  cells can 317 

recognize and eliminate infected cells and provide memory immunity in case of re-exposure (25, 26). 318 

In addition, unlike antibody-based vaccines, T-cell-based vaccines have the potential to protect 319 

against new and mutated strains of the virus (27). 320 

  Chemokines play a complex and significant role in the immune response to viral infections, 321 

including SARS-CoV-2, by stimulating the production of antiviral proteins, such as interferons (28). 322 

Studies have shown that certain chemokines, such as CXCL-10, can stimulate the production of 323 

interferons in response to SARS-CoV-2 infection (52). Explicitly, the CXCL 10/CXCR3 pathways are 324 

imperative in guarding against viral pathogens through the means of T-cell immunity (29). While they 325 

can help to recruit immune cells to the site of infection and stimulate the production of antiviral 326 

proteins, excessive or dysregulated production of certain chemokines may also contribute to the 327 

development of severe COVID-19 (30). Hyperinflammation and tissue impairment could reside as a 328 
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result of the vast attraction of cells towards the area of infection; the cytotoxic nature of chemokines 329 

has shown to have both advantageous and disadvantageous responses to viral infection (31). 330 

However, the explicit roles of these chemokines in SARS-CoV-2 immunity remain to be fully explored. 331 

Therefore, chemokines and their receptors are important targets for the development of therapeutics 332 

to treat different infectious diseases including SARS-CoV-2. Coperchini et. al. has identified 53 333 

immune responses that involve cytokine activation; these chemokines are affiliated with immune cell 334 

trafficking, respiratory infection regulation, and the chemoattraction of T cells (32). The prime-pull 335 

approach has been used in the development of many successful vaccines, including those against 336 

influenza, HPV, and hepatitis B (33). The objective of our study was to develop an immunization 337 

strategy that protects against COVID-19-like symptoms and achieves a robust and long-lasting 338 

immune response. 339 

The present study demonstrates a differential role for the CXCL-9, CXCL-10, and CXCL-11 340 

chemokines in the mobilization of memory CD4+ and CD8+ T cells into the lungs and showed 341 

association of high frequencies of memory CD4+ and CD8+ T cells with protection against SARS-CoV-342 

2 infection, COVID19-like symptoms, and death. We compared differential effects from treatment with 343 

CXCL-9, CXCL-10, and CXCL-11 chemokines on COVID-19-like symptoms detected from K18-344 

hACE2 single transgenic mice following infection with SARS-CoV-2 (Washington USA-WA1/2020 345 

variant). Mice that were treated with CXCL-11 had slightly better, but not significant protection against 346 

weight loss compared to the control group. However, mice that were treated with CXCL-9 and CXCL-347 

10 did not depict any significant differences compared to the control group. The group of mice treated 348 

with CXCL-11 and CXCL-10 showed better survival with a protection of 75%, and mice treated with 349 

CXCL-9 showed a 25% survival compared to control mice by day 13 p.i. These results demonstrate 350 

that the addition of chemokine treatment could greatly enhance protective immunity against SARS-351 

CoV-2-like symptoms. Therefore, it suggests that at least one of the above-listed chemokines (CXCL-352 

11) might be a potential target for the treatment of COVID-19-like symptoms.  353 

 Following acute infection, three major SARS-CoV-2-specific memory CD4+ and CD8+ T cell 354 

sub-populations, TCM, TEM, and TRM, develop, infiltrate and sequester in the infected lungs in response 355 
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to a high level of T cell attracting CXCL9, CXCL10 and CXCL11 chemokines and other factors. 356 

Memory CD4+ and CD8+ T cell infiltrates were reported in the infected lungs of COVID-19 human 357 

cadavers. Functional CD4+ and CD8+ T cells in these infiltrates likely help decrease viral replication in 358 

the lungs, the brain, and likely other compartments. However, the apparent low level of T cell-359 

attracting CXCL9, CXCL10, and CXCL11 chemokines in infected lungs may not be sufficient enough 360 

to assure and the sequestration of CD4+ and CD8+ TRM cells or to guide homing CD4+ and CD8+ TEM 361 

and TCM cells from the circulation into infected lungs. In this study, we found that local delivery of the T 362 

cell-attracting CXCL11 chemokine, but not of CXCL9 or CXCL10 chemokines, dramatically increased 363 

both the number and function of SARS-CoV-2-specific CD4+ and CD8+ TEM and TRM cell sub-364 

populations in infected lungs, improving protection against virus replication, COVID19-like symptoms, 365 

and death in SARS-CoV-2-infected HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice. These 366 

results suggest that: (i) the number and/or the function of CD4+ and CD8+ T cells specific for “ASYMP” 367 

epitopes is suppressed in infected human lungs; (ii) local delivery of the T cell-attracting CXCL11 368 

chemokine will expand the repertoire and function of SARS-CoV-2-specific CD8+ T cells and reduce 369 

the likelihood of viral replication in the lungs; and (iii) a prime/pull vaccine strategy that increases the 370 

number and/or function of CD4+ and CD8+ T cells in infected lungs over a certain threshold would 371 

likely lead to protection in humans. The success of this innovative prime/pull vaccine is likely due to 372 

the expansion and survival characteristics of CD4+ and CD8+ T cell precursors as well as the increase 373 

in the number and function of other immune cells in lungs, including APCs, following CXCL11 374 

treatment (34). This contributes not only to homing of CD4+ and CD8+ TEM cell sub-populations in 375 

infected lungs but also to the increased expansion and survival of local tissue-resident CD4+ and 376 

CD8+ TRM cells that already exist within the lungs.   377 

SARS-CoV-specific CD4+ and CD8+ T cells that reside in the lungs appeared to play a critical 378 

role in aborting virus replication (35). In designing a human multi-epitope Coronavirus vaccine, it is 379 

critical to identify the protective Coronavirus epitopes derived from the 26+ ORFs of the SARS-COV-2 380 

genome, which are exclusively recognized by the human CD4+ and CD8+ T cells from “naturally” 381 

protected ASYMP individuals who, despite being infected they never develop any severe COVID-19 382 
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disease (36). We previously implemented several in silico, ex vivo, in vitro, and in vivo phenotypic and 383 

functional immunological methods to efficiently generate a genome-wide map of the responsiveness 384 

of SARS-COV-2-specific CD4+ and CD8+ T cells in ASYMP individuals. This leads to the identification 385 

of several previously unknown protective human “ASYMP” CD4+ and CD8+ T cell epitopes. These 386 

“ASYMP” epitopes are associated with frequent, robust, and polyfunctional CD4+ and CD8+ TEM cell 387 

responses. The present study extends previous findings by demonstrating that immunization of a 388 

novel “humanized” susceptible HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mouse model with 389 

“ASYMP” epitopes induced a strong CD4+ and CD8+ T cell-dependent protective immunity against 390 

COVID-19 like symptoms. Furthermore, we report a novel prime-pull vaccine strategy, based on 391 

priming CD4+ and CD8+ T cells with multiple “ASYMP” epitopes followed by treatment with the 392 

CXCL11 T cell-attracting chemokine. This approach significantly boosts the number of functional anti-393 

viral CD4+ and CD8+ TEM and TRM cells in the lungs of SARS-CoV-2 infected humanized” HLA-394 

DR*0101/HLA-A*0201/hACE2 triple transgenic mice and improves protection against COVID-like 395 

symptoms following SARS-CoV-2 infection. These findings have profound implications for the 396 

development of T-cell-based prophylactic COVID vaccine strategies to protect against COVID-19 397 

infections and diseases in humans. 398 

The development of multi-B- and T-cell epitope-based vaccines in the era of omics is taking 399 

advantage of new technologies to tackle other Coronavirus infections and diseases for which vaccine 400 

development has been unsuccessful (37). Cutting-edge technologies and screening strategies have 401 

recently been developed for many genomic sequence information for the state-of-the-art rational 402 

multi-B- and T-cell epitope-based vaccine design (38). However, low frequencies of SARS-CoV-2-403 

specific CD4+ and CD8+T cells have hampered genome-wide identification of protective SARS-CoV-2 404 

CD4+ and CD8+ T cell epitopes and characterization of the full repertoire of CD4+ and CD8+ T cells that 405 

are associated with the “natural protective immunity” seen in asymptomatic (ASYMP) COVID-19 406 

patients (39). The recent availability of comprehensive genomic datasets of SARS-CoV-2 has shifted 407 

the paradigm of vaccine development from virological to sequence-based approaches (40). Our 408 

recent genome-wide screening of the SARS-CoV-2 sequence using cohorts of SYMP and ASYMP 409 
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COVID-19 patients identified several previously unknown CD4+ and CD8+ T cell epitopes that span a 410 

wide range of structural, and non-structural SARS-CoV-2 proteins. Previously, we characterized the 411 

phenotype and function of CD4+ and CD8+ T cell epitopes in ASYMP COVID-19 patients and 412 

“humanized” HLA-DR*0101/HLA-A*0201 double transgenic mice. The present study extended our 413 

previous report and implemented an innovative prime/pull vaccine strategy that increases the size and 414 

function of SARS-CoV-2-specific CD4+ and CD8+ T cells in infected lungs. Our study demonstrated for 415 

the first time a protective efficacy against SARS-CoV-2 infection, COVID-19-like symptoms, and death 416 

in a “humanized” HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mouse model. Thus, our novel 417 

prime/pull vaccination strategy has confirmed an innovative delivery system that is prime for clinical 418 

trial testing. 419 

One of the advantages of ASYMP epitope-based prime/pull vaccines, as opposed to protein-420 

based prime/pull vaccines, is the avoidance of SYMP epitopes that might inadvertently drive 421 

unwanted immuno-pathological responses ultimately contributing to the exacerbation of COVID-19 422 

inflammatory disease in the lungs. Thus, the identification of human “SYMP” epitopes from the SARS-423 

CoV-2 genome and their elimination from future COVID-19 vaccines would be beneficial, since 424 

including such “SYMP” epitopes may be harmful by exacerbating COVID-19 inflammation (41). 425 

The repertoire of SARS-CoV-2-specific CD4+ and CD8+ T cells typically targets epitopes from 426 

only a fraction of the viral proteins (42). Those viral epitopes usually fall into a dominance hierarchy 427 

consisting of one or a few dominant epitopes and several other sub-dominant epitopes. Through the 428 

use of a genome-wide comprehensive approach, we previously identified several new human CD4+ 429 

and CD8+ T cell epitopes from SARS-CoV-2 proteins not previously considered for epitope-based 430 

vaccine candidates. The present study confirmed the protective efficacy of the immunodominant CD4+ 431 

and CD8+ T cell epitopes. 432 

The inadequacy of many animal models of SARS-CoV-2 infection and immunity has made it 433 

challenging to explore the immune mechanisms that lead to protection against COVID-19 (43). One 434 

critical question is which animal model would be the most appropriate to mimic the immuno-435 

pathological aspects of COVID-19 symptoms as occurs in humans? ACE-2 transgenic mice have 436 
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been the animal models of choice for most COVID-19 immunologists and the results from ACE-2 437 

transgenic mouse model have yielded tremendous insights into the protective mechanisms during 438 

primary acute infection (44-46). Characterization of the phenotype and function of protective SARS-439 

CoV-2-specific memory CD4+ and CD8+ T cells in ACE-2 transgenic mice have been largely limited to 440 

T cells specific to the immunodominant SARS-CoV-2 mouse epitopes studied during acute infection 441 

(47, 48). Considering the wealth of data addressing the protective mechanisms of CD4+ and CD8+ T 442 

cells specific to mouse SARS-CoV-2 epitopes, it is surprising how few reports exist exploring the 443 

protective mechanisms of CD4+ and CD8+ T cells specific to human SARS-CoV-2 epitopes. The 444 

present study generated a novel “humanized” susceptible HLA-DR*0101/HLA-A*0201/hACE2 triple 445 

transgenic mouse model and validated the COVID-19 disease in the “humanized” HLA-DR*0101/HLA-446 

A*0201/hACE2 triple transgenic mouse model to pre-clinically test the safety immunogenicity and 447 

protective efficacy of our multi-epitope//CXCL11 prime/pull Coronavirus mucosal vaccine bearing 448 

human B, CD4+ CD8+ cell epitopes, Our findings demonstrate that both virus replication in the lungs 449 

and COVID-19 symptoms can be induced in SARS-CoV-2-infected HLA-DR*0101/HLA-450 

A*0201/hACE2 triple transgenic mice. Moreover, our “humanized” HLA-DR*0101/HLA-A*0201/hACE2 451 

triple transgenic mice express the human HLA-A*0201 and HLA-DR*0101-molecules, instead of 452 

mouse MHC molecules. Thus, they develop “human-like” CD4+ and CD8+ T-cell responses to HLA-453 

restricted epitopes. In addition, high numbers of functional CD4+ and CD8+ TRM and TEM cells were 454 

detected in the lungs and were associated with protection against virus replication and COVID-like 455 

symptoms. In our opinion, the HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic Tg mice are 456 

arguably the best available small animal model to study the role of HLA-restricted CD4+ and CD8+ T-457 

cells specific to human SARS-CoV-2 epitopes in protection against virus replication and COVID-like 458 

symptoms.  459 

The lung-tropic AAV9 vector used in our prime/pull vaccine has rapidly moved to the forefront 460 

of human therapies in the past few years (49). The AAV9 vector was not directly involved in reduced 461 

SARS-CoV-2 infection, COVID-19-like symptoms, and death, as seen in the AAV9-CXCL11 prime/pull 462 

vaccine since no protection, was observed in mice that received an empty AAV9 vector alone (not 463 
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shown). Several naturally occurring, tissue-specific AAV serotypes have been isolated (50). We chose 464 

AAV9 because (i) it is a lung-tropic virus with the potential of persistent transgene expression in 465 

epithelial cells; (ii) it can superinfect SARS-CoV-2 infected cells; (iii) it can accommodate up to 4.7 kb 466 

of DNA; and (iv) it is nonpathogenic. Clinical trials using AAV vectors have shown only transient 467 

inflammation while demonstrating clinical benefits. No side effects were observed in SARS-CoV-2 468 

infected mice during the 30 days of monitoring following treatment with the AAV9 vector. However, 469 

long-term monitoring of the lungs and brain for pathology associated with AAV9 will be necessary to 470 

ensure the vectors' safety for eventual use in COVID-19 patients.  471 

In conclusion, the present study: (i) validated previously unreported protective “ASYMP” 472 

epitopes that are potentially useful if included in a multi-epitope COVID-19 vaccine; (ii) characterizes 473 

the phenotype and the function of the protective CD4+ and CD8+ T cell sub-populations associated 474 

with immunologic control of SARS-CoV-2 infection, disease and deaths; and (iii) demonstrates that 475 

bolstering the number of functional SARS-COV-2-specific CD4+ and CD8+ TEM and TRM cells in the 476 

lungs through SARS-CoV-2 human epitopes/CXCL11-based prime/pull vaccine protected against 477 

SARS-CoV-2 infection, disease and death. Results from this pre-clinical research study should pave 478 

the way toward developing a novel clinical T-cell-based vaccine against COVID-19. 479 

  480 
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MATERIALS AND METHODS 481 

 482 

Mice: Female K18-hACE2 transgenic mice (8-9 weeks old) were purchased from the Jackson 483 

Laboratory (Bar Harbor, ME). K18-hACE2 mice breeding was conducted in the UCI animal facility 484 

where female mice were used at 8-9 weeks. In addition, female HLA-DR*0101/HLA-A*0201/hACE2 485 

triple transgenic mice (8-9 weeks old) were used. The HLA-DR*0101/HLA-A*0201/hACE2 triple 486 

transgenic mouse colony was established here at the UCI by cross-breeding K18-hACE2 mice (51) 487 

with double transgenic HLA-DR*0101/HLA-A*0201 mice (17). The animal studies were performed at 488 

the University of California Irvine and adhered to the Guide for the Care and Use of Laboratory 489 

Animals published by the US National Institute of Health. All animal experiments were performed 490 

under the approved IACUC protocol # AUP-22-086. 491 

Immunization and CXC chemokine treatment: Groups of (8-9 weeks old) female HLA-492 

DR*0101/HLA-A*0201/hACE2 triple transgenic mice were immunized intranasally on day 0 with 493 

(2x1010 VP per mouse, n = 28) of a multi-epitope Coronavirus vaccine (CoV Vacc), consisting of 494 

highly conserved and immunogenic 16 CD8+ T cell epitopes, 6 CD4+ T cell epitopes, and 9 B cell 495 

epitopes. As a negative control, mice received sterile PBS (mock). Mice were treated intranasally with 496 

CXCL-9, CXCL-10, and CXCL-11 (2.4 μg in 20 μl of sterile PBS/mice). Recombinant murine MIG 497 

(CXCL-9), IP-10 (CXCL-10) and I-TAC (CXCL-11) were obtained (PEPROTECH, USA)  498 

SARS-CoV-2 infection: K18-hACE2 mice were infected intranasally with 1 x 104 pfu of the 499 

SARS-CoV-2-USA-WA1/2020 variant in 20 μl sterile PBS. Following genital infection, mice were 500 

monitored daily for disease progression. Next, mice were treated intranasally with 3 μg of the CXCL-9, 501 

CXCL-10, and CXCL-11 diluted in sterile PBS. The mock group was treated with sterile PBS. The 502 

CXCL chemokine treatment was given on days 3, 5, 7, and 9 (p.i.). Mice were monitored daily for 503 

weight loss and survival until day 14 p.i. on which they were euthanized. 504 

HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice were Immunized with the Pan-CoV-505 

Vacc (2x1010 VP per mouse, n = 28) or mock (n = 7) of untreated mice. The immunized mice were 506 

subsequently treated intranasally with 2.4 μg of CXCL-9 (n = 7), CXCL-10 (n = 7), and CXCL-11 (n = 507 
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7) on days 10, 12, 14, 22, 24, 26 post-immunization. On day 28 post-immunization, mice were 508 

intranasally infected with 1x104 pfu of SARS-CoV-2 (USA-WA1/2020). Three mice groups were 509 

subsequently treated intranasally with CXCL-9 (n = 5), CXCL-10 (n = 5), and CXCL-11 (n = 5) on days 510 

30, 32, and 34 post-immunization. On days, 4 and 8 oropharyngeal swabs were collected for virus 511 

RNA copy number measurement. The SARS-CoV-2 infected mice were monitored up to day 14 p.i., 512 

for disease, weight loss, and survival. On day 14 p.i. mice were euthanized, and lungs were collected 513 

for H & E staining. 514 

SARS-CoV-2 propagation and titration:  VERO E6 cells isolated from the kidney of an 515 

African green monkey (ATCC, VA, USA) grown in Minimum Essential Medium Eagle with Earl’s salts 516 

and L-Glutamine (Corning, Manassas, VA) supplemented with 10% fetal bovine serum and 1% 517 

penicillin-streptomycin was used for virus propagation. SARS-CoV-2-USA-WA1/2020 variant was 518 

procured from Microbiologics (St. Cloud, MN). The virus SARS-CoV-2-USA-WA1/2020 provided by 519 

Microbiologics was originally isolated from an oropharyngeal swab sample of a patient with a 520 

respiratory illness who had recently returned from travel to the affected region of China and developed 521 

the clinical disease (COVID-19) in January 2020 in Washington, USA. As described previously, the 522 

SARS-CoV-2-USA-WA1/2020 variant was propagated in Calu3 cells (53). The virus was quantified by 523 

plaque assay in VERO E6. 524 

Flow cytometry: Single-cell suspensions from the mouse lungs after collagenase treatment 525 

(8mg/ml) for 1 hour were used for (fluorescence-activated cell sorter [FACS] buffer) staining. The 526 

following antibodies were used: anti-mouse CD4 (clone: RM4-4), CD8a (clone: 53-6.7), CD44 (clone: 527 

IM7), CD62L (clone: MEL-14), CD103 (clone: M290), and CD183 (CXCR3) (clone: CXCR3-173), (BD 528 

Biosciences). Surface staining was performed by adding mAbs against various cell markers to a total 529 

of 1 x 106 cells in phosphate-buffered saline containing 1% FBS and 0.1% Sodium azide and left for 530 

45  minutes at 4°C. Cells were washed three times with FACS buffer and fixed in PBS containing 2% 531 

paraformaldehyde (Sigma-Aldrich, St. Louis, MO). 532 

 533 

 534 
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Immunohistochemistry: The HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice lung 535 

sections were fixed in 4% PFA for 48 and then transferred to 70% ethanol. The tissue sections were 536 

then embedded in paraffin blocks and sectioned at 8 μm thickness. Slides were deparaffinized and 537 

rehydrated before hematoxylin and eosin (H&E) staining for routine immunopathology. Images were 538 

captured on the BZ-X710 All-in-One fluorescence microscope (Keyence). 539 

Virus titration in oropharyngeal swabs: Throat swabs were analyzed for SARS-CoV-2 540 

specific RNA by qRT-PCR. As recommended by the CDC, we used ORF1ab-specific primers 541 

(Forward-5’-CCCTGTGGGTTTTACACTTAA-3’ and Reverse-5’-ACGATTGTGCATCAGCTGA-3’) and 542 

probe (6FAM-CCGTCTGCGGTATGTGGAAAGGTTATGG-BHQ) to detect the viral RNA level in 543 

lungs. 544 

Briefly, 5 ml of the total nucleic acid eluate was added to a 20-ml total-volume reaction 545 

mixture (1x TaqPath 1-Step RT-qPCR Master Mix, CG [Thermo Fisher Scientific, Waltham, MA], with 546 

0.9 mM each primer and 0.2 mM each probe). The RT-PCR was carried out using the ABI 547 

StepOnePlus thermocycler (Life Technologies, Grand Island, NY). When the Ct-value was relatively 548 

high (35 ≤ Ct < 40), the specimen was retested twice and considered positive if the Ct-value of any 549 

retest was less than 35. 550 

Statistical analysis: Data for each assay were compared by ANOVA and Student’s t-test 551 

using GraphPad Prism version 5 (La Jolla, CA). The physical estimation data were analyzed with the 552 

paired t-test using non-parametric Gaussian distribution based on the Wilcoxon matched-pairs signed 553 

rank test. As we previously described, differences between the groups were identified by ANOVA and 554 

multiple comparison procedures (12, 30). Data are expressed as the mean + SD. Results were 555 

considered statistically significant at a P < 0.05. 556 

 557 
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FIGURE LEGENDS 576 

 577 

Figure 1. The effect of treatment with CXCL-9, CXCL-10, and CXCL-11 chemokines on 578 

COVID-19-like symptoms detected from K18-hACE2 single transgenic mice infected with 579 

SARS-CoV-2. (A) Experimental plan to study the effect of treatment with CXCL-9, CXCL-10, and 580 

CXCL-11 chemokines on COVID-19-like symptoms detected from K18-hACE2 single transgenic mice 581 

following infection with SARS-CoV-2 (Washington USA-WA1/2020 variant). 8-9 week-old male and 582 

female K18-hACE2 mice (n = 20) were infected intranasally with 1 x 104 pfu of the SARS-CoV-2-USA-583 

WA1/2020 variant. Mice were subsequently treated intranasally with CXCL-9 (n = 4), CXCL-10 (n = 584 

4), and CXCL-11 (n = 4) on days 3, 5, 7, and 9 post-infection (p.i). As a control mice (n = 4) were left 585 

untreated. (B) Graph shows average body weight change p.i. normalized to the body weight on the 586 

day of infection (right panel). The maximum percent body weight change on day 7 p.i. is shown in the 587 

left panel. (C) Shows the percentage survival detected in CXCL-9, CXCL-10, and CXCL-11 treated vs. 588 

untreated mice up to day 13 p.i.  589 

 590 

Figure 2. The effect of treatment with CXCL-9, CXCL-10, and CXCL-11chemokines on 591 

disease outcome detected from HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic mice 592 

immunized with SARS-CoV-2 vaccine. (A) Figure showing a prototype of the multi-epitope 593 

Coronavirus vaccine consisting of highly conserved and immunogenic 16 CD8+ T cell epitopes, 6 594 

CD4+ T cell epitopes, and 8 B cell epitopes. (B) Experimental plan to study the effect of treatment with 595 

CXCL-9, CXCL-10, and CXCL-11 chemokines on COVID-19-like symptoms detected from HLA-596 

DR*0101/HLA-A*0201/hACE2 triple transgenic mice immunized with multi-epitope Coronavirus 597 

vaccine (CoV-Vacc). 8-9 week-old male and female HLA-DR*0101/HLA-A*0201/hACE2 triple 598 

transgenic mice were intranasally immunized with CoV-Vacc; 2x1010 VP per mice on day 0 (n = 28). 599 

As a control mice (n = 7) were left unimmunized. The immunized mice were subsequently treated 600 

intranasally with 2.4 μg of; CXCL-9 (n = 7), CXCL-10 (n = 7), and CXCL-11 (n = 7) on days 601 
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10,12,14,22,24,26 post-immunization. On day 27 two mice per group were euthanized, and lung 602 

tissues were collected. The immune cell response was evaluated by flow cytometry. The remaining 603 

mice (n = 25) were intranasally infected with 1x104 pfu of SARS-CoV-2 (USA-WA1/2020) on day 28 604 

post-immunization. Three mice groups were subsequently treated intranasally with CXCL-9 (n = 5), 605 

CXCL-10 (n = 5), and CXCL-11 (n = 5) on days 30, 32, and 34 post-immunization. disease 606 

monitoring, weighing, and survival were monitored in the mice up to day 14 p.i. 607 

 608 

Figure 3. The effect of treatment with CXCL-9, CXCL-10, and CXCL-11 chemokines on 609 

COVID-19-like symptoms detected from HLA-DR*0101/HLA-A*0201/hACE2 triple transgenic 610 

mice immunized with multi-epitope Coronavirus vaccine and challenged with SARS-CoV-2-611 

USA-WA1/2020 variant. (A) Data showing average percent weight change each day p.i. normalized 612 

to the body weight on the day of infection is shown in the right panel. The bar graph (left panel) shows 613 

the percent weight change at day 7 p.i. Bars represent means ± SEM. (B) Shows the percentage 614 

survival detected in mice groups of, CoV-Vacc, CoV-Vacc + CXCL-9, CoV-Vacc + CXCL-10, CoV-615 

Vacc + CXCL-11, and mock vaccinated group up to 14 days p.i. (C) Viral titration data showing viral 616 

RNA copy number in the lungs for each group at days 4 and 8 p.i. (D) Representative H & E staining 617 

images of the lungs at day 14 p.i. of SARS-CoV-2 infected mice treated with different chemokines at 618 

4x, 10x, and 40x magnifications.  619 

 620 

Figure 4. The effect of treatment with CXCL-9, CXCL-10, and CXCL-11chemokines on 621 

CD4+ T cells in the lung and spleen of immunized HLA-DR*0101/HLA-A*0201/hACE2 triple 622 

transgenic mice. (A) The left panel shows FACS plots for CD4+ T cells in the lungs of mice 623 

immunized with the multi-epitope Coronavirus vaccine (n = 7) and treated with CXCL-9, CXCL-10, 624 

and CXCL-11. Graphs depict the differences in response to various treatments on the percentage of 625 

CD4+ T cells present in the lungs of mice shown in the right panel. Bars represent the means ± SEM. 626 

Student’s t-test was used to analyze the data. (B) The left panel represents FACS plots for CD4+ T 627 

cells in the spleen of mice immunized with the multi-epitope Coronavirus vaccine (n = 7) and treated 628 
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with CXCL-9, CXCL-10, and CXCL-11. Graphs on the right panel show the difference in response to 629 

different chemokine treatments on the percentage of CD4+ T cells in the spleen of mice. Bars 630 

represent means ± SEM. 631 

 632 

Figure 5. The effect of treatment with CXCL-9, CXCL-10, and CXCL-11chemokines on 633 

CD8+ T cells in the lung and spleen of immunized hACE2-HLA-A2/DR triple transgenic mice. (A) 634 

The left panel shows FACS plots for CD8+ T cells in the lungs of mice immunized with the multi-635 

epitope Coronavirus vaccine  (n = 7) and treated with CXCL-9, CXCL-10, and CXCL-11. Graphs 636 

depict the differences in response to various treatments on the percentage of CD8+ T cells present in 637 

the lungs of mice shown in the right panel. Bars represent the means ± SEM. Student’s t-test was 638 

used to analyze the data. (B) The left panel represents FACS plots for CD8+ T cells in the spleen of 639 

mice immunized with the multi-epitope Coronavirus vaccine (n = 7) and treated with CXCL-9, CXCL-640 

10, and CXCL-11. Graphs on the right panel show the difference in response to different chemokine 641 

treatments on the percentage of CD4+ T cells in the spleen of mice. Bars represent means ± SEM. 642 

Figure 6. The effect of treatment with CXCL-9, CXCL-10, and CXCL-11chemokines on 643 

CD4+ T cells and CD8+ T cells in the lung of immunized hACE2-HLA-A2/DR triple transgenic 644 

mice. (A) The left panel shows FACS plots for CD4+ T cells in the lungs of mice immunized with the 645 

multi-epitope Coronavirus vaccine  (n = 5) and treated with CXCL-9, CXCL-10, and CXCL-11. Graphs 646 

depict the differences in response to various treatments on the percentage of CD4+ T cells present in 647 

the lungs of mice shown in the right panel. Bars represent the means ± SEM. Student’s t-test was 648 

used to analyze the data. (B) The left panel represents FACS plots for CD8+ T cells in the lungs of 649 

mice immunized with the multi-epitope Coronavirus vaccine (n = 5) and treated with CXCL-9, CXCL-650 

10, and CXCL-11. Graphs on the right panel show the difference in response to different chemokine 651 

treatments on the percentage of CD8+ T cells in the lungs of mice. Bars represent means ± SEM. 652 
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