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Abstract 2 

CD69 is highly expressed on the leukocyte surface upon viral infection, and its 3 

regulatory role in the vaccinia virus (VACV) immune response has been recently 4 

demonstrated using CD69-/- mice. Here, we show augmented control of VACV infection 5 

using the anti-human CD69 monoclonal antibody (mAb) 2.8 as a therapeutic treatment 6 

for mice expressing human CD69. This control was related to increased natural killer 7 

(NK) cell reactivity and increased numbers of cytokine-producing T and NK cells in the 8 

periphery. Moreover, similarly increased immunity and protection against VACV were 9 

reproduced over both long and short periods in anti-mouse CD69 mAb 2.2-treated 10 

immunocompetent wild-type (WT) mice and immunodeficient Rag2-/- CD69+/+ mice. 11 

This result was not due to synergy between infection and anti-CD69 treatment since, in 12 

the absence of infection, anti-human CD69 targeting induced immune activation, which 13 

was characterized by mobilization, proliferation, and enhanced survival of immune cells 14 

as well as marked production of several innate proinflammatory cytokines by immune 15 

cells. Additionally, we showed that the rapid leukocyte effect induced by anti-CD69 16 

mAb treatment was dependent on mTOR signaling. These properties suggest the 17 

potential of CD69-targeted therapy as an antiviral adjuvant to prevent derived 18 

infections. 19 

  20 
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Importance 21 

In this study, we demonstrate the influence of human and mouse anti-CD69 therapies on 22 

the immune response to VACV infection. We report that targeting CD69 increases the 23 

leukocyte numbers in the secondary lymphoid organs during infection and improves the 24 

capacity to clear the viral infection. Targeting CD69 increases the numbers of gamma 25 

interferon (IFNγ)- and tumor necrosis factor alpha (TNFα)-producing NK and T cells. 26 

In mice expressing human CD69, treatment with an anti-CD69 mAb produces increases 27 

in cytokine production, survival and proliferation mediated in part by mTOR signaling. 28 

These results, together with the fact that we have mainly worked with a human-CD69 29 

transgenic model, reveal CD69 as a treatment target to enhance vaccine protectiveness.  30 
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Introduction 31 

The use of vaccinia virus (VACV) had an essential role in the eradication of smallpox, 32 

and since then, VACV has been used as a model to study virus-host interactions. It is a 33 

complex, enveloped, linear, double-stranded DNA virus with many genes dedicated to 34 

the evasion of the innate immune system and the action of interferons. VACV infection 35 

clearance is first controlled by the innate immune response mostly through NK cells due 36 

to the production of cytokines such as type I and II IFNs and TNFα (1). However, 37 

ultimately, if VACV infection is not resolved, a powerful adaptive immune response 38 

essential for the proper elimination of VACV infection is activated by specific CD8+ 39 

and CD4+ T cells (2). Currently, in many clinical trials, vaccinia virus is being used to 40 

construct directed targets for vaccine candidates against various diseases , such as 41 

HIV/AIDS (3), hepatitis (4), influenza (5), malaria (6), tuberculosis (7), and even 42 

oncogenic diseases of both human and domestic animals (8). 43 

CD69 is a leukocyte receptor constitutively expressed on the surface of subsets of 44 

thymocytes, T cells, NK cells, plasmacytoid dendritic cells and progenitor cells (HSPC) 45 

(9-12). This receptor is known to be one of the earliest activation markers since its 46 

expression is promptly induced or further upregulated on all studied leukocyte subtypes 47 

upon activation (10). CD69 is highly expressed in leukocytes during infections and at 48 

inflammatory locations in autoimmune and allergic diseases. The in vivo function of 49 

CD69 as a regulator of the immune response has been revealed by the study of CD69-50 

deficient mice using different murine inflammatory models, including tumor immunity, 51 

infection and autoimmune disease models (13-20). The effects of treatment with the 52 

anti-mouse CD69 2.2 nondepleting antibody (anti-mCD69-2.2) partially resemble the 53 

CD69-deficient phenotypes in tumor, arthritis, and contact hypersensitivity models (17, 54 

21, 22). Roles for CD69 in leukocyte retention in the thymus and secondary lymphoid 55 

organs have been associated with the cis interaction between CD69 and Sphingosine-1-56 

Phosphate Receptor 1 (S1P1), which downregulates S1P1 surface expression and inhibits 57 

lymphocyte egress from the thymus and peripheral lymphoid organs (23). In agreement 58 

with the role of CD69 in leukocyte retention in the bone marrow (BM), our recent 59 

published study showed that CD69 deficiency or targeting with nondepleting anti-CD69 60 

mAbs promotes the egress of hematopoietic precursor cells from the BM (11). 61 

Moreover, anti-CD69 mAb treatment induces the expansion of HSPC dependent on 62 

mTOR signaling (11). mTOR, which is of chief importance in cell metabolism, 63 
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proliferation and survival, can exist in two distinct complexes: mTORC1, whose 64 

downstream targets are p70S6K and 4E-BP1, and mTORC2, whose activity is 65 

monitored by the downstream phosphorylation of Akt at Serine 473 (24). 66 

Previous studies on the role of CD69 in the immune response to VACV infection, 67 

showed the importance of CD69 in the formation of virus specific and protective skin 68 

resident memory T cells [Mackay, 2013 #388][Khan, 2016 #387].  Also, in our 69 

preceding study, the CD69 deficiency resulted in increased early NK cell-dependent 70 

control of the infection (18). These results are in accordance with those obtained 71 

investigating in vivo infections with deletion mutant virus, where inactivation of N1L 72 

VACV gene resulted in an enhanced NK response and reduced numbers of CD69+ 73 

leukocytes.  In the present study, we analyzed the effect of targeting CD69 in the 74 

VACV infection model. Anti-CD69 therapy resulted in increased control of VACV 75 

infection, and this control was associated with increased numbers of IFNγ- and TNFα-76 

producing NK cells and CD4+ and CD8+ T cells reacting in a noncognate fashion. In 77 

addition, the percentages of these cytokine-producing cells were increased, indicating 78 

that targeting CD69 increases the reactivity of these effector cells. We showed that the 79 

increase in leukocyte numbers in the peripheral organs induced by targeting CD69 was 80 

mediated by S1P receptor-dependent mTOR signaling. In agreement with the roles of 81 

mTOR in proliferation and cell survival, we found that these parameters increased upon 82 

anti-CD69 therapy, which contributed to the increased leukocyte counts observed in the 83 

long term. Moreover, we observed a sharp induction of the expression of cytokines, 84 

many of which are important in innate immune responses. 85 

86 

Pilar Lauzurica Gómez
Es una frase que pide el referee pero es difícil de encajar.  Quizá podamos encontrar un lugar en discusión
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RESULTS 87 

Anti-CD69 mAb treatment enhances protection against VACV infection. 88 

First, we tested whether anti-CD69 pretreatment could enhance the control of VACV 89 

infection. To do this we used a human-CD69 transgenic mouse model that carries a 90 

BAC containing the human CD69 gene locus on the mouse CD69-/- background 91 

(huCD69). The mice were treated with two doses of 200 µg of anti-human CD69 mAb 92 

2.8 (anti-huCD69-2.8) separated by one week and i.p infected with 1x107 plaque-93 

forming units (pfu) of VACV 5 days after the last mAb dose. The mice were analyzed 94 

for ovarian viral counts and peripheral leukocyte numbers seven days after infection, 95 

which is the peak of the T cell primary response (Fig. 1A). The treated mice controlled 96 

VACV infection more efficiently than control mice (Fig. 1B). A decrease and increase 97 

in the total leukocyte counts in the BM and spleen, respectively, were observed, as well 98 

as small increases in the lymph node and blood leukocyte counts (Fig. 1C). The 99 

numbers of CD8+ T cells, macrophages and eosinophils were slightly but significantly 100 

increased (Fig. 1D). The treatment also induced an increase in the number of CD4+ T 101 

cells producing IFNγ and a tendency toward higher numbers of CD4+ T cells producing 102 

TNFα and CD8+ T cells producing IFNγ (Fig. 1E-F). Thus, treatment with the anti-103 

huCD69-2.8mAb could affect the primary adaptive response to VACV infection by 104 

increasing the number of activated T cells in the periphery. Similarly, WT mice treated 105 

with the anti-mCD69-2.2 mAb using the same schedule more efficiently limited 106 

infection than control-treated mice and had strong increases in leukocyte numbers in the 107 

spleen, lymph nodes and blood, and the numbers of the main splenic lymphocyte 108 

subsets, dendritic cells (DCs) and TNFα- and IFNγ-producing CD4+ T cells were 109 

augmented (data not shown).  110 

To assess the role of CD69 treatment in a more natural experimental model we used a 111 

low-dose VACV infection and study the weight of mice intranasal infected with 104 pfu 112 

of VACV overtime. Non treated mice showed a reduced weight loss relative to their 113 

anti-CD69 counterparts (Figure 2). The differences were already significant 1 day after 114 

infection, maintained overtime and augmented after seven days which suggested that 115 

anti-CD69 treatment act along the immune response. In summary, targeting human and 116 

mouse CD69 resulted in an increased ability to control VACV infection and increased 117 

the accumulation of leukocytes, including effector lymphocytes, in peripheral sites. 118 
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 119 

Targeting CD69 enhances the innate immune response to VACV infection 120 

To study whether the enhanced antiviral control was in part due to a more efficient early 121 

innate response, we performed the same treatment regimen in huCD69 mice and 122 

analyzed viral titers and leukocyte subsets two days after VACV infection (Fig. 3A), at 123 

which time point the adaptive response to VACV infection had not yet developed. At 124 

this early time point, anti-huCD69-2.8 mAb treated mice already showed slightly lower 125 

ovarian viral titers (Fig. 3B) and this increased control is already detected in the spleen 126 

after 6 hours of infection (Fig. 3G-H). The numbers of total blood and splenic 127 

leukocytes (Fig. 3C) and all splenic subtypes analyzed in the mAb-treated mice were 128 

increased compared to those in control mice (Fig. 3D). Moreover, the treatment induced 129 

marked increases in the numbers of TNFα-producing NK, CD8+ T and CD4+ T cells 130 

and IFNγ-producing NK and CD4+ T cells and a tendency toward higher numbers of 131 

IFNγ-producing CD8+ T cells (Fig. 3E,F). Very similar results were obtained when WT 132 

mice were treated with only one injection of anti-mCD69-2.2 administered 24 hours 133 

before VACV infection and analyzed at 2 days postinfection (Fig.4A-H). Also, there 134 

was a significant differences in viral titers when the treatment with anti-mCD69-2.2 was 135 

administered 24 h after VACV exposure.   136 

This early time point postinfection at which the antibody pretreatment affects viral titers 137 

suggests a contribution of the innate immune system. To assess the importance of the 138 

innate immune response against VACV infection in the absence of T and B cells, we 139 

infected Rag2-/- mice pretreated with anti-mCD69-2.2 mAb with 1x106 pfu of VACV 140 

and analyzed them two days after infection (Fig. 5A). As in the treated WT and huCD69 141 

mice, the anti-CD69-treated Rag2-/- mice showed lower ovarian viral titers than control 142 

mice (Fig. 5B) and decreased and increased leukocyte numbers in the bone marrow and 143 

spleen, respectively (Fig. 5C). Consistently, in the spleen, targeting CD69 induced 144 

increases in NK cell, monocyte and neutrophil counts (Fig. 5D). Moreover, we found 145 

that the antibody treatment increased the percentages (Fig. 5E) and numbers (Fig. 5F) of 146 

NK cells producing IFNγ- and TNFα- and undergoing degranulation (CD107+). 147 

Altogether, these results show that anti-CD69 pretreatment increases the innate immune 148 

control of viral infection accompanied by increases in peripheral innate leukocyte 149 

numbers and cytokine-producing T and NK cell numbers. Unlike CD69 deficiency, 150 

however, targeting CD69 increases the percentages of cytokine-producing T and NK 151 
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cells and degranulating NK cells, suggesting that targeting CD69 augments T and NK 152 

cell reactivity. 153 

 154 

In the absence of infection, targeting CD69 promotes the proliferation and survival 155 

of leukocytes. 156 

Next, we studied whether the differences observed in the infection setting are due to the 157 

effects of the mAb treatment on components of the immune system that will later 158 

respond to the infection. Thus, we were interested in analyzing the effects of the anti-159 

CD69 mAb treatment schedule in the absence of infection. To study this possibility, we 160 

injected huCD69 mice with two doses of 200µg of anti-huCD69 2.8 separated by one 161 

week and analyzed the BM and splenic numbers of leukocyte subtypes 5 days after the 162 

second dose. Total leukocyte counts were decreased in the BM and increased in the 163 

secondary lymphoid organs of the treated mice (Fig. 6A). The numbers of NK cells, T 164 

cells and B cells were augmented in the spleen (Fig. 6B). Then, we studied whether 165 

mechanisms such as increased leukocyte proliferation and/or survival might contribute 166 

to the increased peripheral cellularity observed in the longer term. Thus, we tested the 167 

effect of anti-huCD69 2.8 treatment on leukocyte proliferation. HuCD69 mice were 168 

administered the anti-huCD69 2.8 mAb , and after 24 hours, they were injected with 169 

bromodeoxyuridine (BrdU) and analyzed 3 hours later. BrdU incorporation was 170 

increased in most of the major leukocyte lineages in the BM and spleen (Fig. 7A-B). Of 171 

note, after only a 3-hour pulse, the BrdU+ myeloid cells likely consisted mainly of 172 

differentiated myeloid cells, which have been demonstrated to be able to proliferate in 173 

vivo (25-28). 174 

For cell survival analysis, since dead cells are quickly phagocytized in vivo, we 175 

performed ex vivo cultures of splenocytes from anti-human CD69 2.8-treated mice and 176 

analyzed the spontaneous cell death by propidium iodide (PI) staining at different times 177 

of culture. Significant differences were found at early time points, and these differences 178 

increased over time (Fig. 7C). Altogether, these data suggest that anti-CD69 mAb 179 

treatment may achieve greater peripheral cellularity through increased survival and 180 

proliferation of mature leukocytes and that this state can be maintained by repeated anti-181 

CD69 mAb administration. 182 

 183 
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Targeting CD69 promotes mitogenic and proinflammatory cytokine production 184 

We previously described that the anti-mCD69-2.2 mAb induces T cell proliferation 185 

through IL-2 production by plasmacytoid DCs and interleukin-2 receptor alpha (IL-186 

2Ra) expression upregulation in memory T cells (9). Thus, we tested whether anti-187 

human CD69 2.8 treatment could also upregulate IL-2 and IL-2Ra expression. As 188 

expected, we found increased intracellular IL-2 and surface IL-2Ra levels in cells from 189 

the bone marrow, spleen and blood 24 h after anti-huCD69 2.8 treatment (Fig. 8A). 190 

These increases may contribute to the higher T and NK cell proliferation observed in 191 

anti-CD69-treated mice. 192 

Previous studies performed in our laboratory showed decreased transforming growth 193 

factor beta (TGF-β) and increased proinflammatory cytokine expression in CD69-/- 194 

mice, which was related to increased splenic cellularity and decreased spontaneous cell 195 

death. We wanted to test whether this could also be achieved by targeting CD69 with a 196 

mAb. Thus, we assessed the expression of TGF-β and several proinflammatory 197 

cytokines (IL-1α and β; LTα and β; IL-17α, β and f; IL-21; IFNγ; and TNFα) and 198 

chemokines (CCL2 and CCL12) 24 h after anti-huCD69 2.8 treatment by real-time PCR 199 

(RT-PCR). We found a decrease in TGF-β expression in the spleen of treated mice (Fig. 200 

8B). Instead, the splenic messenger RNA (mRNA) levels of IL-1α and β, LTα and β, 201 

IL-17β and f, IL-21, IFNγ, TNFα, CCL2 and CCL12 were increased (Fig. 8D-F). We 202 

also measured the expression of IL-1α and β, IL-21, IL-17 f, IFNγ, IL-3 and IL-6 at the 203 

protein level in supernatants of huCD69 splenocytes 1 day after anti-huCD69 mAb 2.8 204 

treatment with a Luminex assay. The results showed highly significant increases in IL-205 

1α, IL-1β, IFNγ and IL-6 production (Fig. 8G) in the anti-CD69 mAb 2.8-treated mice. 206 

In summary, targeting CD69 rapidly induces a promitogenic and proinflammatory 207 

cytokine profile. 208 

 209 

Targeting CD69 induces leukocyte accumulation in the spleen through mTOR 210 

signaling. 211 

We reported that anti-CD69 mAb-induced BM mobilization is dependent on S1P 212 

receptor function since this migration is inhibited by S1P receptor desensitization with 213 

fingolimod (FTY720) treatment (11). 214 
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Several reports have shown that S1P mediates BM mobilization through mTOR (29-31). 215 

We showed that mTOR inhibition in huCD69 mice by rapamycin pretreatment blocked 216 

the increase in splenic cellularity and partially inhibited the decrease in whole BM cell 217 

numbers induced by the anti-hCD69 mAb 2.8 at 24 h posttreatment (Fig. 9A), 218 

suggesting that mTOR also mediates the accumulation of leukocytes in the spleen 219 

induced by targeting CD69. Consistently, anti-CD69 mAb 2.8 treatment induced the 220 

phosphorylation of the mTOR target p70S6K, and this effect was inhibited in the spleen 221 

by rapamycin treatment (Fig. 9B). Moreover, FTY720 treatment also inhibited the 222 

phosphorylation of p70S6K in the spleen (Fig. 9C), suggesting that targeting CD69 223 

induces mTOR signaling through S1P receptors. Altogether, the presented data suggest 224 

that the effect on leukocyte accumulation in the spleen induced by targeting CD69 is 225 

mediated by S1P receptor signaling through the mTORC1 cascade.  226 
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DISCUSSION 227 

In the present study, we show that anti-CD69 mAb pretreatment enhances innate 228 

immune protection against VACV infection related to enhanced numbers of peripheral 229 

cellular effectors, which can be explained by increased BM cell output and leukocyte 230 

proliferation and survival. In previous reports, targeting CD69 resulted in outcomes 231 

similar to those seen with CD69 deficiency in several murine models of cancer and 232 

autoimmune disease (19, 21, 22). Similar outcomes are also seen in the VACV infection 233 

model since, like targeting CD69, CD69 deficiency also enhances the host innate 234 

immune resistance to VACV infection accompanied by increases in peripheral 235 

cellularity and the numbers of T and NK cells producing IFNγ and TNFα and 236 

degranulating NK cells (18). The similarities in cellularity and immune control in early 237 

VACV infection between targeting CD69 and CD69 deficiency could be due to targeting 238 

CD69 simulating the avoidance of the cis interaction between CD69 and S1P1 and the 239 

downregulation of S1P1 expression, which hinders BM cell egress, seen in CD69 240 

deficiency. However, several data points indicate that the mechanisms underlying the 241 

effects of targeting CD69 and CD69 deficiency may differ to some extent. 242 

On the one hand, although both settings show increases in the numbers of cytokine-243 

producing T and NK cells, only targeting CD69 shows an increase in the percentages of 244 

these cells. For NK cells, this finding suggests that, unlike CD69 deficiency, targeting 245 

CD69 enhances NK cell reactivity, probably through cytokine-mediated NK cell 246 

priming. The T cells producing IFNγ and TNFα upon restimulation at two days 247 

postinfection are likely T cells activated in a noncognate fashion by cytokines. This 248 

result may support the conclusion that targeting CD69 but not CD69 deficiency induces 249 

proinflammatory cytokine production per se. 250 

At seven days postinfection, the detected IFNγ+ and TNFα+ T cells may include 251 

VACV-specific T cells. However, we do not expect that specific T cells account for the 252 

differences since anti-mCD69-2.2 mAb treatment in vivo did not affect the frequency of 253 

VACV-specific T cells at the peak of the primary immune response to VACV infection 254 

(32). 255 

Another difference between CD69 deficiency and targeting CD69 is that while targeting 256 

CD69 augments the leukocyte proliferation rate, CD69 deficiency has no effect on that 257 
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rate (32, 18). This result also argues against the presence of increased amounts of 258 

mitogenic cytokines in CD69 knockout (KO) mice under steady-state conditions, 259 

although CD69 KO mice do show proinflammatory cytokine profiles upon the induction 260 

of cancer or autoimmune disease (15, 22). 261 

In both CD69-deficient mice and CD69-targeted mice, cell survival is increased (18). 262 

This result may be related to the fact that TGFβ expression is decreased in almost all 263 

disease models performed with both CD69-/- and anti-CD69 mAb-treated mice (15, 19-264 

22, 33, 34). TGF-β is a pleiotropic cytokine, and one of its reported functions is the 265 

control of cell survival, including the survival of leukocytes (35). Interestingly, CD69 266 

deficiency in FoxP3 Tregs leads to decreased TGFβ production, and both CD69 267 

deficiency and targeting CD69 in these cells hinder their suppressive function (33). 268 

Another observation indicates that the situations in CD69-targeted and CD69-deficient 269 

mice differ; in CD69-targeted mice, there is massive egress of cells with undetectable 270 

CD69 surface levels, such as neutrophils, which suggests the contribution of a cell 271 

extrinsic mechanism, putatively mediated by soluble mediators. One of these soluble 272 

mediators is likely to be S1P acting through mTOR signaling since S1P receptor 273 

desensitization with FTY720 inhibits anti-CD69 treatment-induced egress from the BM 274 

(11) and mTOR signaling, and mTOR inhibition with rapamycin partly inhibits BM 275 

mobilization. Other possible soluble mediators are cytokines and chemokines. In the 276 

present work, we observed enhanced expression of several innate cytokines and 277 

chemokines. Some of these cytokines, i.e., IL-1, IL-2 and IFNγ, activate mTOR through 278 

PI3K and phospho-Akt T308. Growth factors can also activate mTOR through ERK1/2 279 

signaling (36). Instead, S1P activates mTORC1 through the E3-ubiquitin ligase PAM in 280 

a manner independent of PI3K, Akt and ERK1/2 (37). The fact that we did not detect 281 

any phosphorylation of Akt T308 or ERK1/2 may suggest that, at the time of analysis, 282 

targeting CD69 had induced mTORC1 activation mainly through S1P receptors rather 283 

than through cytokines or growth factors. 284 

VACV employs numerous immune evasion mechanisms to decoy, inhibit the 285 

production, and block the signaling of type I and II IFNs, TNFα, IL-1 and IL-18, which 286 

amplify the innate immune response, influence the adaptive response to the virus and, in 287 

the case of type I and II IFNs and TNFα, have direct antiviral activity (38). Thus, the 288 

observed augmented expression of IFNγ, TNFα and IL-1 as well as the possible 289 



13 
 

augmentation of the expression of other cytokines may counteract these immune 290 

evasion mechanisms of the virus. Instead, an enhanced proinflammatory cytokine 291 

response is detrimental in the cases of other pathogens. 292 

The data presented here showing that targeting CD69 enhances the early control of 293 

pathogens encourage future testing of anti-CD69 mAbs as agents for enhancing the 294 

immune responses in vaccine-mediated protection and against infection in leukopenia 295 

treatment.  296 
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Materials and methods 297 

Mice and in vivo protocols 298 

All mice used were males or females between 6 and 12 weeks of age that were bred and 299 

housed under specific pathogen-free conditions in the Instituto de Salud Carlos III 300 

(ISCIII) animal facilities (Madrid). HuCD69 mice were obtained by transgenesis of a 301 

human CD69 BAC containing 100 kb of the CD69 gene, which was generated by 302 

Bristol Myers and kindly provided by Dr. Robert Graziano. These mice, as carry the 303 

entire gene locus expressed human CD69 in a regulated fashion driven by its regulatory 304 

regions of the CD69 locus, as previously shown (11). These mice were maintained as 305 

hemizygous animals, and had three copies of the human CD69 BAC on the mouse 306 

CD69-/- background. The Rag2-/- in Balb/c genetic mice background were used . 307 

Mice treated with FTY720 (Sigma-Aldrich) were injected intraperitoneally (i.p) with 308 

two doses of FTY720 (5 mg/kg) separated by 24 hours. 309 

The mice that received rapamycin (Selleckchem) were treated with 480 mg of 310 

rapamycin/kg administered i.p for five days. 311 

In proliferation assays, mice were injected intraperitoneally with 1 mg of BrdU and after 312 

three hours, splenocytes and BM cells were collected. BrdU staining was performed 313 

using a BrdU Flow kit (Beckton Dickinson) and an anti-mouse BrdU antibody (clone 314 

B44) according to the manufacturer's instructions. 315 

Antibodies and cell culture 316 

The anti-huCD69-2.8 mAb and anti-mCD69-2.2  mAb both IgG1 isotype, which binds 317 

to the human and the mouse CD69 molecule respectively, were generated in our 318 

laboratory immunizing CD69-deficient mice with cells that co-expressed  (11, 21). Both 319 

antibodies, as previously experimentally demonstrated (11, 21), do not activate the 320 

complement system or induced ADCC. Because anti-huCD69 mAb 2.8 does not cross-321 

react with mouse CD69 and anti-mCD69-2.2  mAb does not cross-react with human 322 

CD69, we used the anti-mouse-CD69 mAb as isotype control of anti-human-CD69 323 

mAb experiments and vice versa. These mAbs were purified by standard methods and 324 

tested with CD69-/- BM-derived DC (BMDC) cultures at a concentration of 10 μg/ml, 325 

and these cultures were unable to upregulate CD80 or CD86 expression. HuCD69 mice 326 

were intravenously treated with one dose of 500 µg of anti-huCD69 2.8 or with two 327 
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doses of 200 µg of anti-huCD69 2.8 separated by a week, and 5 days after the second 328 

dose, the mice were analyzed or infected as appropriate for the experiment. In some 329 

cases, the anti-mCD69-2.2 mAb was used as a control, while at other times, phosphate-330 

buffered saline (PBS) was used as a control. CD69+/+ and Rag2-/- mice were treated 331 

following a protocol similar to that used for the HuCD69 mice but with the anti-332 

mCD69-2.2 mAb administered i.v. and the anti-huCD69-2.8 mAb or PBS used as a 333 

control.  334 

The mAbs were purified from concentrated hybridoma supernatants using protein G 335 

columns (GE Healthcare, Piscataway, NJ, USA), further purified by Zeba Spin desalting 336 

columns (Thermo Scientific) and stored at -80°C. 337 

Cell Isolation 338 

Bone marrow was collected from the two femurs of each mouse. Blood was collected 339 

by intracardiac puncture and diluted in 10 ml of 2 mM EDTA PBS, and the numbers 340 

shown are the white blood cell counts per 1 ml of blood. The thymus and spleen were 341 

disaggregated, and the cells were washed in PBS. Erythrocytes were lysed with an 342 

ammonium chloride potassium (ACK) solution in all samples, and leukocytes were 343 

labeled and analyzed by flow cytometry. 344 

Abs and flow cytometry 345 

Cells from the bone marrow, spleen, blood, thymus and lymph nodes were incubated 346 

with anti-CD16/32 (Fc-block 2.4G2; BD Biosciences, Franklin Lakes, NJ, USA). The 347 

following antibodies against mouse intracellular and surface antigens were purchased 348 

from eBioscience (San Diego, CA): anti-CD4 (clone RM4-5), anti-CD8 (clone 53-6.7 or 349 

clone Ly-2), anti-CD11b (clone M1/70), anti-CD11c (clone N418 or clone HL3), anti-350 

CD19 (clone eBio1D3), anti-CD49b (clone DX5), anti-CD69 (clone H1.2F3), anti-351 

CD107a (clone eBio4A3), anti-CD117 (clone 2B8), anti-F480 (clone BM8), anti-GR1 352 

(clone RB6-8C5), anti-IFN-γ (clone XMG 1.2), anti-NKp46 (clone 29A1.4), anti-CD3 353 

(clone 17A2), anti-IL2 (clone JES6-5H4), anti-CD25 (clone 3C7), anti- H-2Kb (clone 354 

AF6-88.5) and anti-TNF-α (clone MP6-XT22). Cells were analyzed with a FACSCanto 355 

flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) using BD FACSDiva 356 

software (Becton Dickinson), and data were analyzed with FlowJo (TreeStar Inc., 357 

Ashland, OR, USA). 358 

http://www.jimmunol.org/cgi/redirect-inline?ad=eBioscience
https://www.biolegend.com/fr-fr/search-results?Clone=AF6-88.5
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To assess the intracellular production of IFN-γ, TNF-α and IL-2, 2x106 splenocytes 359 

were incubated in the presence of brefeldin A (BFA) (5 µg/ml) for 4 h at 37ºC and 360 

washed. Alternatively, cells were restimulated with 10 ng/ml PMA (Phorbol 12-361 

myristate 13-acetate) and 1 µg/ml ionomycin or RPMI medium only in the presence of 362 

BFA (5 µg/ml) for 4 hours at 37ºC. Following incubation, the cells were fixed with 4% 363 

paraformaldehyde (Electron Microscopy Sciences) for 12 minutes at room temperature 364 

in the dark and permeabilized with 1% saponin (Sigma-Aldrich) in 1x PBS and 3% fetal 365 

bovine serum (FBS) for 20 min at 4°C. The cells were acquired with a FACSCanto 366 

instrument (Becton Dickinson, Franklin Lakes, NJ, and USA) using BD FACSDiva 367 

software (Becton Dickinson), and the data were analyzed with FlowJo (TreeStar Inc., 368 

Ashland, OR, USA). 369 

Vaccinia virus 370 

The Western Reserve strain of VACV (provided by Dr. Daniel Lopez) was grown in 371 

African green monkey kidney fibroblast cells (CV1 cells, provided by Dr. Daniel 372 

Lopez) cultured in D-MEM supplemented with 10% FBS, 2 mM L-glutamine, 100 373 

U/mL penicillin, 100 μg/mL streptomycin and 5 μM β-mercaptoethanol. The titer was 374 

determined by a plaque assay using CV1 cells, and the viral stock was stored at -80°C in 375 

PBS until use. A total of 1× 106 pfu was injected into Rag2-/- mice, and 1 × 107 pfu was 376 

injected intraperitoneally into immunocompetent mice in 0.2 ml of PBS. The viral load 377 

was measured by a plaque-forming assay. In brief, female mice were sacrificed at the 378 

indicated times, and the ovaries were harvested and stored at -80°C in 0.5 ml of PBS 379 

until use. The ovaries from individual mice were first homogenized and subjected to 380 

three freeze-thaw cycles. Serial dilutions were plated on confluent CV1 cells. After one 381 

day of culture at 37ºC, plates were stained with crystal violet, and the plaques were 382 

counted. 383 

Luminex assay 384 

Splenocytes were collected from HuCD69 mice 24 hours after treatment with the anti-385 

huCD692.8 mAb  or no treatment in 1 ml of RPMI medium supplemented with 10% 386 

FBS, 2 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin and 5 μM β-387 

mercaptoethanol. Supernatants were obtained after centrifugation. The serum levels of 388 

IFN-γ, IL-1α, IL-1β, IL-17f, IL-21, IL-3 and IL-6 were determined by using 389 

ProcartaPlex custom assays (Affymetrix) and Luminex. 390 
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Gene expression analysis 391 

The expression of inflammatory genes was evaluated with the Mouse RT2Profiler PCR 392 

Inflammatory Cytokines and Receptors Array (SABiosciences). Ribonucleic acid 393 

(RNA) was obtained from the spleen of mice treated with the anti-huCD69-2.8 mAb or 394 

untreated mice using the RNeasy Mini Kit, and a First Standard kit (SABiosciences) 395 

was used for cDNA synthesis. The RT2Profiler array was probed according to the 396 

manufacturer’s protocol using the Profiler PCR Array System and SYBR 397 

Green/Fluorescein qPCR Master Mix (SABiosciences) with an ABI 7500 Fast sequence 398 

analyzer (Applied Biosystems). Gene expression was measured with a web-based 399 

software package for the PCR Array System 400 

(http://www.superarray.com/pcr/arrayanalysis.php), which automatically performs all 401 

ΔΔCt-based fold-change calculations from the specific uploaded raw threshold cycle 402 

data. 403 

GEN PRIMER SEQUENCE (5’-3’) 

IL1−α 
acgtcaagcaacgggaagat 
aaggtgctgatctgggttgg 

IL1-β 
aatgaaagacggcacaccca 
accgtttttccatcttcttctttg 

TNF-α 
gcctcttctcattcctgcttg 
ctgatgagagggaggccatt 

Il-17F 
gcatttctgtcccacgtgaa 
tgggggtctcgagtgatgt 

IL-21 
cgcctcctgattagacttcgt 
tgctcacagtgcccctttac 

CCL2 
caggtccctgtcatgcttct 
gtggggcgttaactgcatct 

CCL12 
gaatcacaagcagccagtgtc 
ttctccttggggtcagcaca 

β-ACTIN 
actgtcgagtcgcgtcca 
tcatccatggcgaactggtg 

 404 

For qPCR assays, RNA was treated with RQ1 RNase-Free DNase (Promega) prior to 405 

cDNA synthesis from 5 μg of total RNA with GoScript™ Reverse Transcriptase 406 

(Promega) using a combination of random primers and oligo dT. The cDNA samples 407 

were diluted to 50 ng/μl. Real-time PCR with SYBR green detection was performed 408 

with 1 µl of cDNA. The primer sets used for qPCR are listed in the table below. 409 

http://www.superarray.com/pcr/arrayanalysis.php
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Expression was calculated by the formula 2-ΔCt, using β-actin to normalize sample 410 

loading.   411 
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Cell death assay 412 

Splenocytes from noninfected mice were cultured in 24-well plates (1x106 cells/ml), 413 

and cell death was assayed at different times during the culture by staining with PI, 414 

followed by flow cytometric analysis. 415 

Biochemical Analysis 416 

Collected cells from the BM and spleen were lysed using Triton lysis buffer (20 mM 417 

Tris [pH 7.4], 1% Triton X-100, 10% glycerol, 137 mM NaCl, 2 mM EDTA, 25 mM β-418 

glycerophosphate, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 419 

and 10 μg/ml aprotinin and leupeptin). Extracts (30 μg of protein) were examined by 420 

protein immunoblot analysis with antibodies against phospho-(Thr389)-p70S6K, 421 

p70S6K, phospho-(Ser240/244)-S6, S6, phospho-(Ser2448)-mTOR, and mTOR, all of 422 

which were obtained from Cell Signaling, and antibodies against GAPDH (Santa Cruz 423 

Biotechnology Inc.) or vinculin (Sigma). 424 

Ethics Statement 425 

All procedures involving animals and their care were approved by the ISCIII Ethics 426 

Committees (OEBA M-05-2015) and the Comunidad de Madrid (PROEX 156/15) and 427 

followed the current Spanish legislation (Real Decreto 53/2013), which are in 428 

compliance with European laws (Directive 2010/63/EU). 429 

Statistical analysis 430 

All data were plotted and statistically analyzed using GraphPad Prism software. Graphs 431 

show means and standard errors of the mean (SEM). Statistical significance was 432 

determined using an unpaired two-tailed t-test (* p<0.05, ** p<0.01, *** p<0.005). 433 

p<0.05 was considered significant 434 
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Figure legends 574 

Figure 1. HuCD69 mice treated with the mAb anti-huCD69-2.8 exhibited a higher 575 

antiviral response seven days after vaccinia virus infection than control-treated mice. A, 576 

Mice were treated with PBS or 200 µg of anti-huCD69-2.8 with two doses separated by one 577 

week. Five days after the second treatment, the mice were infected with 1x107 pfu administered 578 

i.p, and 7 days after infection, the mice were analyzed. B, Viral titers in the ovaries were 579 

measured. C, Absolute cell numbers in the spleen, bone marrow, lymph nodes and blood were 580 

measured. D, The numbers of different lymphoid and myeloid cell populations in the spleen 581 

were measured. E-F, The numbers of IFNγ and TNFα-producing cells in the spleen were 582 

measured. Two independent experiments with n=8 mice per group were pooled. Data were 583 

analyzed by an unpaired t test, where *=p≤0.05, **=p≤0.01, ***=p≤0.001 and ****=p≤0.0001  584 

Figure 2. HuCD69 mice treated with mAb anti-huCD69 2.8 are more resistant to VACV 585 

infection than non-treated mice. A, Mice were treated with PBS or 500ug of anti-huCD69 2.8 586 

and one day after were infected intranasally with 1x105 pfu of VACV-WR. One week after 587 

infection, mice received a second dose of treatment. Weight loss was evaluated over 9 days. 588 

Data shown are representative of one experiment with n=5-6 mice per group. Data were 589 

analyzed by unpaired t test, where *=p≤0.05, **=p≤0.01, ***=p≤0.001, and ****=p≤0.0001. 590 

 591 

Figure 3. Early anti-VACV response upon targeting CD69 with the anti-huCD69- 2.8 mAb 592 

promoted better viral clearance and a concomitant accumulation of leukocytes two days 593 

after infection. A, Mice were treated with 2 doses of 200 µg of anti-huCD69-2.8 or PBS 594 

administered i.v with the doses separated by 1 week, and 5 days after the second dose, the mice 595 

were infected with VACV and analyzed 2 days after infection. B, Viral titers in the ovaries were 596 

measured. C, Absolute cell numbers in the spleen, bone marrow, lymph nodes, thymus and 597 

blood were measured. D, The numbers of leukocyte subpopulations in the spleen were 598 

measured. E-F, The numbers of IFNγ- and TNFα-producing cells in the spleen were measured. 599 

G, Mice were treated with 1 dose of 500 µg of anti-huCD69-2.8 or PBS administered i.v and 24 600 

hours after treatment, the mice were infected with VACV i.v and viral titers were analyzed 6 601 

hours after infection. Viral titers in spleen were measured. B-F, Two independent experiments 602 

with n=7 mice per group were pooled. G, One experiment with n=4-5 mice per group. Data 603 

were analyzed by an unpaired t test, where *=p≤0.05, **=p≤0.01, ***=p≤0.001 and 604 

****=p≤0.0001. 605 

 606 

Figure 4. Immunocompetent mice treated with the anti-mCD69-2.2 mAb exhibited better 607 

viral clearance. A, Mice were treated with 1 dose of 500 µg of anti-mCD69- 2.2 mAb or PBS 608 

administered i.v 24 hours before infection with VACV and analyzed 2 days after infection. B, 609 
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Viral titers in the ovaries were measured. C, Absolute cell numbers in the spleen, bone marrow, 610 

lymph nodes, thymus and blood were measured. D, The numbers of leukocyte subpopulations in 611 

the spleen were measured. E-F, The percentages and G-H, numbers of IFNγ- and TNFα-612 

producing cells in the spleen were measured. I, Mice were infected with 107 pfu of VACV and 613 

one day after were treated with 500 µg of anti-mCD69- 2.2 mAb or PBS administered i.v 24 614 

hours. Viral titers were analyzed 2 days after infection. J, Viral titers were measured in ovaries. 615 

B-H, Two independent experiments with n≥7 mice per group were pooled. J, One experiment 616 

with n=4 mice per group. Data were analyzed by an unpaired t test, where *=p≤0.05, 617 

**=p≤0.01, ***=p≤0.001, and ****=p≤0.0001. 618 

 619 

Figure 5. mAb anti-mCD69 2.2 treatment in Rag2-/- CD69+/+ mice induced an increased 620 

accumulation of leukocytes and promoted NK cell activity. A, Mice were treated with anti-621 

mCD69-2.2 or PBS with two doses separated by one week; 5 days after the second treatment, 622 

the mice were infected with 1x106 pfu administered i.p, and two days after infection, the mice 623 

were sacrificed. B, Viral titers were measured. C, Absolute cell numbers in the spleen, thymus, 624 

bone marrow and blood were compared between anti-mCD69-2.2-treated mice and untreated 625 

mice. D-E, Lymphoid and myeloid subpopulation cell numbers were analyzed in the D, bone 626 

marrow and E, spleen. F, and G, The intracellular production of IFN-γ and TNFα and surface 627 

expression of CD107a in NK cells were measured. B, One experiment representative of two 628 

independent experiments is shown. C-H, Three independent experiments with n≥8 mice per 629 

group were pooled. Data were analyzed by an unpaired t test, where *=p≤0.05, **=p≤0.01, 630 

***=p≤0.001 and ****=p≤0.0001.   631 

 632 

Figure 6. HuCD69 mice treated with two doses of an anti-human CD69 antibody showed 633 

similar effects on the cell numbers of the bone marrow and spleen compared to mice given 634 

a one-dose treatment. A and B, Mice were treated with two doses of 200 µg of anti-huCD69-635 

2.8 separated by one week, and five days after the second treatment, the mice were analyzed. A, 636 

Total cell number. B, Numbers of lymphoid and myeloid subpopulation cells in the spleen. Two 637 

independent experiments with n≥8 mice per group were pooled. Data were analyzed by an 638 

unpaired t test, where *=p≤0.05, **=p≤0.01, ***=p≤0.001 and ****=p≤0.0001.   639 

 640 

Figure 7. Treatment with anti-human-CD69-2.8 antibody increased proliferation and 641 

survival in the spleen. A-B, Mice were treated or not treated with 500 µg of anti-huCD69-2.8 642 

24 hours before a BrdU injection. The mice received 1 mg of BrdU intraperitoneally, and, three 643 

hours later, were sacrificed. BrdU incorporation was assessed in the lymphoid and myeloid 644 

subpopulations of the BM (A) and spleen (B) by flow cytometry. C. Survival was measured by 645 

PI staining of unfractionated splenocytes from uninfected HuCD69 mice treated with the anti-646 
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huCD69-2.8 mAb or an isotype control. A-B, Two independent experiments with n≥8 mice per 647 

group were pooled. C, One independent experiment representative of two experiments is shown. 648 

Data were analyzed by an unpaired t test, where *=p≤0.05, **=p≤0.01, ***=p≤0.001 and 649 

****=p≤0.0001. 650 

 651 

Figure 8. Targeting human CD69 promoted an increase in the levels of some 652 

proinflammatory cytokines. A-C, Mice were treated or not treated with 500 µg of anti 653 

huCD69-2.8 24 hours before analysis. A, IL-2 and CD25 expression were measured in the bone 654 

Marrow, spleen and blood. B, The relative expression of TGF-β was compared between treated 655 

and control mice. C, The expression of certain cytokines in supernatants of splenocytes was 656 

measured by a Luminex assay. D-G, Splenocytes were collected from mice treated with 500 µg 657 

of anti-huCD69-2.8 for 24 hours or left untreated. D-E, Proinflammatory cytokines and their 658 

receptors were assayed through an array. D, data for IL-17a, IL-17b, IL-17f, IL1-α, IL-1β, LTa, 659 

LTb and IFNγ are shown. E, Data for CCL2 and CCL12 are shown. Data are represented in a 660 

graph as the fold-induction relative to the β-actin level. F, qPCR analysis of IL-17f, IL1- α, IL-661 

1β, TNFα and IL-21 is shown. G, qPCR analysis of CCL2 and CCL12 is shown. 662 

A, Three experiments with n≥10 mice per group were pooled. B, One experiment is shown. C, 663 

Four independent experiments with n≥12 mice per group were pooled. D-G, One experiment is 664 

shown with samples pooled of two or three experiments. Data were analyzed by an unpaired t 665 

test, where *=p≤0.05, **=p≤0.01, ***=p≤0.001 and ****=p≤0.0001.   666 

 667 

Figure 9. Targeting human CD69 induced increased splenic cellularity mediated by 668 

mTOR. A-C, Mice were treated with 500 µg of anti-huCD69-2.8 administered i.v 24 hours 669 

before analysis, 480 mg of rapamycin/kg administered i.p for five days or both, as indicated. A, 670 

The total cell numbers in the spleen (left) and bone marrow (right) are shown. B, p70, S6K and 671 

S6 phosphorylation was assessed by immunoblotting splenocyte extracts from the indicated 672 

mice. C, Mice were treated with two doses of FTY720 (5 mg/kg) administered i.p and separated 673 

by 24 hours; 6 hours after the first dose of FTY720, the mice were treated with 500 µg of anti-674 

huCD69-2.8 administered i.v. as appropriate, and 24 hours after anti-huCD69-2.8 injection, the 675 

mice were analyzed. mTOR and S6 phosphorylation was assessed by immunoblotting 676 

splenocyte extracts. A, Two independent experiments were performed. B-C, One experiment 677 

was performed. Data were analyzed by an unpaired t test, where *=p≤0.05, **=p≤0.01, 678 

***=p≤0.001 and ****=p≤0.0001. 679 

 680 
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