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34 Abstract

35  Cytokine release syndrome (CRS) is one of the leading causes of mortality in COVID-19 patients
36  caused by the SARS-CoV-2 coronavirus. However, the mechanism of CRS induced by SARS-CoV-
37  2isvague. This study shows that dendritic cells loaded with spike protein of SARS-CoV-2 stimulate
38 T cells to release much more IL-2, which subsequently cooperates with spike protein to facilitate
39  peripheral blood mononuclear cells to release IL-1p, IL-6, and IL-8. These effects are achieved via
40  IL-2 stimulation of NK cells to release TNF-a and IFN-y, as well as T cells to release IFN-y.
41  Mechanistically, IFN-y and TNF-a enhance the transcription of CD40, and the interaction of CD40
42  and its ligand stabilizes the membrane expression of TLR4 which serves as a receptor of spike
43  protein on the surface of monocytes. As a result, there is a constant interaction between spike protein
44 and TLR4, leading to continuous activation of NF-kB. Furthermore, TNF-a also activates NF-xB
45  signaling in monocytes, which further cooperates with IFN-y and spike protein to modulate NF-«xB-
46  dependent transcription of CRS-related inflammatory cytokines. Targeting TNF-o/IFN-y in
47  combination with TLR4 may represent a promising therapeutic approach for alleviating CRS in

48 individuals with COVID-19.

49  Keywords: SARS-CoV-2, spike protein, monocyte, cytokine release syndrome, NF-xB, CD40
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50 Introduction

51  COVID-19, caused by SARS-CoV-2, has become a global pandemic since its outbreak in 2019.(Hu
52 et al., 2021) As of 12 April 2023, there have been 762,791,152 confirmed cases of COVID-19,
53 including 6,897,025 deaths, reported to WHO. The clinical manifestations of severe COVID-19 are
54  diverse, with acute respiratory distress syndrome, cytokine release syndrome (CRS), multiple organ
55  failure, and death being the most notable.(Delorey et al., 2021; Wang & Perlman, 2022) CRS-related
56  cytokines tend to increase progressively with the severity of the disease (Xiao et al., 2021) and may
57  be the leading cause of life-threatening respiratory diseases in severe COVID-19 patients.(Que et
58  al.,, 2022) Interestingly, it has been observed that the concentration of CRS-related cytokines is
59  higher in the plasma of COVID-19 patients admitted to the intensive care unit (ICU) than in those
60  who are not.(Huang et al., 2020) These cytokines include tumor necrosis factor (TNF)-q, interleukin
61  (IL)-1B, IL-6, IL-10, IL-17, interferon (IFN)-y and IL-2, etc.(Giamarellos-Bourboulis et al., 2020;
62  Mehtaetal., 2020) However, the interplay between these cytokines remains unclear. Understanding
63  the relationship between various cytokines in CRS is crucial for developing targeted therapies for

64  COVID-19 and other cytokine storm syndromes.

65  Spike protein is one of the four main structural proteins of SARS-CoV-2, (Sen et al., 2021) which
66  plays a crucial role in the virus’s ability to enter the host cells as it can bind to the ACE2
67  receptor.(Jackson et al., 2022) It also binds directly to pattern recognition receptor TLR4 to activate
68  downstream signaling pathways which upregulate inflammatory factors such as IL-1p and IL-
69  6.(Zhao et al., 2021a, 2021b) Therefore, spike protein may be a critical factor contributing to CRS
70  in COVID-19 patients. The amount of spike protein increases with the increase of viral load.
71  However, clinical studies have shown no significant difference in viral load between severe and
72 mild COVID-19 patients, (To et al., 2020) and the viral load of patients with COVID-19 is relatively
73 high in the initial stage of infection.(Pan et al., 2020; Walsh et al., 2020) These studies show that
74 the accumulation of viral antigens may not be the leading cause of CRS. These findings indicate
75  that factors other than the viral load may also significantly induce CRS in COVID-19 patients. The
76  intricate interplay between spike protein, immune cells, and cytokines during the CRS remains

77  largely unknown, highlighting the urgent need for further investigation.

78  During SARS-CoV-2 infection, alveolar macrophages play a critical role in detecting the virus and
79  producing cytokines and chemokines to recruit innate and adaptive immune cells for virus
80  elimination and disease prevention.(Gajjela & Zhou, 2022) Of note, macrophages and certain
81  monocyte subsets are believed to be the decisive cells of CRS in patients with severe COVID-
82 19.(Liao et al., 2020) Moreover, the over-activation of inflammatory response by other immune
83  cells such as neutrophils, Dendritic cells (DCs), natural killer (NK) cells, B cells, and T cells can
84  also contribute to CRS in this context.(Tan & Tang, 2021) Nonetheless, further research is still

85  needed to determine the precise involvement of these cell types in CRS.
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86  Inthis study, we investigated the mechanism underlying the development of CRS induced by SARS-
87  Cov-2. Our finding suggests a cooperative effect of IL-2 and spike protein in stimulating peripheral
88  blood mononuclear cells (PBMCs) to secrete IL-1B, IL-6, and IL-8. Mechanistically, DCs loaded
89  with spike protein stimulate T cells to secrete IL-2, which subsequently facilitates the production of
90  TNF-a and IFN-y by NK cells and IFN-y by T cells. Together, TNF-a and IFN-y make monocytes
91  more active, and when stimulated by spike protein of SARS-CoV-2, these cells can release more
92  CRS-related cytokines. Overall, our findings provide insights into the possible mechanism
93  underlying CRS in COVID-19 patients and illustrate the complex interplay among various cytokines.
94  These findings may pave the way for developing novel therapeutic targets for treating CRS, thereby

95  offering promising avenues for clinical interventions in patients with COVID-19.
96  Results
97  IL-2 cooperates with spike protein to stimulate PBMCs to secrete IL-1p, IL-6, and IL-8

98  In order to analyze whether spike protein can stimulate PBMCs to secrete 1L-6 or IL-13, PBMCs

99  were treated with different concentrations of spike protein, and a dose-dependent increase in the
100  secretion of IL-6 and IL-1f was observed (Figure 1A). Hereafter, 10 nM spike protein was used for
101  further experiments unless otherwise specified. The stimulatory effect of spike protein was further
102  confirmed by increased secretion of IL-1B, IL-6, and IL-8 upon treatment with spike protein in
103  PBMCs (Figure S1). However, no significant changes were observed in the expressions of other
104  cytokines such as IL-2, IL-4, IL-5, IL-10, IL-12, IL-17, TNF-a, IFN-a, or IFN-y (Figure S1). These
105  results suggest that spike protein alone cannot stimulate PBMCs to release various inflammatory
106  factors. This phenomenon differs from the induction of diverse cytokine release in severe patients
107  with COVID-19, indicating that other antigens of COVID-19 or other immune cells may be involved
108  in the process of CRS in the human body.

109  Among various cytokines involved in the CRS of COVID-19 patients, IL-2 has drawn our particular
110  attention. This is due to the noticeable elevation of IL-2 in the plasma of many severe COVID-19
111 patients (Akbari et al., 2020; Huang et al., 2020; J. Liu et al., 2020) and high-dose IL-2
112 administration causes capillary leak syndrome, (Boyman & Sprent, 2012; van Haelst Pisani et al.,
113 1991) a severe clinical manifestations of CRS.(Case et al., 2020) Although the source of IL-2
114 remains elusive, these studies hint at the crucial role of IL-2 in developing CRS in severe COVID-
115 19 patients. Spike protein is a virus antigen which can be recognized by antigen-producing cells,
116  such as DCs. We examined the effect of DCs loaded with spike protein on T-cell activation and
117  found that DCs loaded with spike protein can stimulate T cells to secrete higher levels of IL-2 than
118  did control DCs (Figure 1B). Along this line, we observed an increased secretion of IL-1p, IL-6, IL-
119 8, IL-4, IL-5, and IL-12 from PBMCs treated with the combination of IL-2 and spike protein, as
120  compared with spike protein or IL-2 alone (Figure 1C). In contrast, IL-2 alone stimulated PBMCs
121 to secrete IFN-y, TNF-a, IFN-a, IL-17, and IL-10, while the combination of spike protein and IL-2
122 did not show any synergistic effect on the secretion of these cytokines (Figure 1D). Together, these
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123  data suggest that IL-2 released by T cells activated by DCs stimulated with spike protein may serve

124 asanamplifier in inducing CRS in COVID-19 patients in a manner of cooperation with spike protein.

125  Monocytes are the critical cells for the cooperation between IL-2 and spike protein in

126  stimulating PBMC:s to secrete inflammatory cytokines

127  IL-6 is a critical cytokine involved in the pathogenesis of CRS in COVID-19 patients. In severe
128 cases of COVID-19, elevated levels of IL-6 have been observed and are believed to contribute to
129  the systemic inflammatory response and organ damage seen in some patients.(B. Liu et al., 2020;

130 Smoke et al., 2021) Therefore, as a readout, IL-6 was used to analyze which cells in PBMCs are

131  responders or effectors of the synergistic effect of IL-2 and spike protein to release cytokines.
132 Intracellular staining and flow cytometry analysis revealed that spike protein, rather than IL-2,
133  significantly increased the production of IL-6 in monocytes in PBMCs, and the combination of spike
134 protein and IL-2 further enhanced this effect (Figure 2A). However, no increase in the expression
135  level of IL-6 was observed in NK cells, B cells, or T cells (Figure 2B). These findings indicate that
136  IL-2 can stimulate monocytes in PBMCs to produce more IL-6 in cooperation with spike protein.
137  To further determine the involvement of monocytes, they were removed from PBMCs and then
138 stimulated with spike protein, IL-2, or spike protein combined with IL-2. Compared with in that
139  PBMGCs, the levels of various cytokines, including IL-1f, IL-6, IL-8, IL-4, IL-5, IL-12, IL-2, TNF-
140  a,and IL-17 decreased significantly in the supernatant of PBMCs without monocytes after treatment
141  with spike protein combined with IL-2. Of note, IL-1pB, IL-6, and IL-8 levels also decreased
142  significantly in the supernatant of PBMCs treated with spike protein after monocytes removal
143  (Figure 2C). These results indicate that monocytes play an essential role in the cytokine secretion

144 by PBMCs stimulated by spike protein or IL-2 in cooperation with spike protein.
145  IL-2 activates NF-kB of monocytes via stimulating PBMCs to release TNF-a and IFN-y

146 To investigate the mechanism underlying the synergistic effect of IL-2 and spike protein in inducing
147 CRS, transcriptomic analysis was conducted on PBMCs treated with PBS, spike protein, IL-2, or a
148  combination of spike protein and IL-2. Our analysis revealed that stimulation with spike protein
149  activated multiple signaling pathways, including NF-kB, TNF, and JAK-STAT in PBMCs (Figure
150  S2A-C). Notably, the combination of IL-2 and spike protein further amplified the activation of NF-
151  «B, TNF, Toll-like receptor, and JAK-STAT signaling pathways compared to spike protein alone
152 (Figure 3A-C). Flow cytometry analysis showed that spike protein facilitated the phosphorylation
153  of p65, an indicator of activation of the NF-kB signaling pathway, in monocytes within PBMCs,
154  and IL-2 combined with spike protein further enhanced this effect (Figure 3D and S2D).

155  Significantly, inhibiting the activation of NF-kB with IKK-16 not only significantly reduced the
156  secretion of IL-6, IL-1B, and IL-8 by PBMCs stimulated by spike protein (Figure S2E, S2F) but also
157  blocked the secretion of these cytokines by PBMCs stimulated by IL-2 in cooperation with spike
158  protein (Figure 3E-G). As TNF and JAK-STAT signaling pathways were significantly enriched in
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159  PBMCs treated with IL-2 combined with spike protein compared to spike protein alone (Figure 3A,
160 3B), it appears that IL-2 may regulate these pathways in PBMCs. The JAK-STAT signaling pathway
161  is tightly regulated by IFN and plays an important role in various biological processes.(Di Bona et
162 al., 2006; Li et al., 2023; O'Connell et al., 2015) Interestingly, in the IL-2 combined with spike
163  protein group, TNF-a and IFN-y levels were significantly increased compared to the spike protein
164  group (Figure 3H). IL-2 alone elevated TNF-o and IFN-y levels in PBMCs, too (Figure 1D).
165  Importantly, blocking TNF-a or/and IFN-y with antibodies during PBMCs stimulation with IL-2
166  combined with spike protein inhibited the activation of the NF-kB signaling pathway (Figure 31I).

167  Based on these findings, it can be inferred that IL-2 plays a crucial role in activating the NF-«xB
168  signaling pathway in PBMCs by promoting the secretion of TNF-a and IFN-y. Previous studies
169  have reported that spike protein also activates the NF-«B signaling pathway.(Forsyth et al., 2022)
170  Therefore, the interplay between IL-2 and TNF-o/IFN-y might be crucial in mediating the
171 synergistic effect of IL-2 and spike protein in inducing CRS in COVID-19 patients.

172  TNF-a and IFN-y cooperate with spike protein to stimulate monocytes to secrete IL-1, IL-6,
173  and IL-8

174 As a critical transcription factor, NF-«kB is involved in producing of many inflammatory cytokines,
175  such as IL-1P and IL-6.(Al-Griw et al., 2022) Since the activation of NF-«B in PBMCs induced by
176 IL-2 relies on TNF-a and IFN-y (Figure 31), we sought to explore whether the secretion of CRS-
177  related cytokines by PBMCs stimulated with IL-2 and spike protein also depends on these cytokines.
178  Our results demonstrated that the TNF-a blocking antibodies effectively suppressed the secretion
179  of IL-1B, IL-6, and IL-8 in PBMCs stimulated by IL-2 and spike protein. Similarly, the IFN-y
180  blocking antibodies inhibited the secretion of IL-1p and IL-6 in PBMCs stimulated under the same
181  condition. Interestingly, the combined blocking effect of TNF-a and IFN-y was not significantly
182  different from that of single blocking antibodies for TNF-a (Figure 4A), suggesting that TNF-a
183  plays a more important role in mediating IL-2-induced cytokines secretion, especially IL-8.
184  Moreover, TNF-a or IFN-y, when combined with spike protein, stimulated the secretion of CRS-
185  related cytokines in PBMCs, with the effect of their combination being the most potent (Figure 4B).
186  Finally, we observed that IKK-16, an NF-«B inhibitor, completely inhibited the secretion of IL-1p,
187  IL-6, and IL-8 by PBMCs stimulated with TNF-o or IFN-y that is cooperating with spike protein
188  (Figure S3). Collectively, TNF-a and IFN-y are indispensable in activating NF-kB and inducing
189  CRS-related cytokines in PBMCs via cooperating with spike protein.

190  Aswe demonstrated that monocytes are the critical cells for the cooperation between IL-2 and spike
191  protein in stimulating PBMCs to secrete inflammatory cytokines (Figure 2), we further tested the
192  synergistic effect of TNF-o/IFN-y and spike protein in purified monocytes. As expected, TNF-o or
193  IFN-y, when combined with spike protein, stimulated monocytes to secrete IL-1p, IL-6, and IL-8,
194  with the most potent effect observed when spike protein was combined with TNF-a and IFN-y

195  (Figure 4C). However, surprisingly, there was no synergism observed when IL-2 was combined
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196  with spike protein in purified monocytes (Figure 4C). These observations suggest that other immune
197  cells are involved in mediating the synergistic effect of IL-2 and spike protein in PBMCs. Therefore,
198  to test this hypothesis, we treated PBMCs and monocytes from the same volunteer with IL-2 and
199 spike protein, and then measured cytokine levels in the supernatant. The results showed that the
200  expressions of IL-1p, IL-6, and L-8 in the supernatant of the monocyte group were remarkably lower
201  than those in the PBMCs group from the same volunteer (Figure 4D). Of note, the induction of TNF-
202 o and IFN-y was also strikingly lower in monocytes than in the PBMCs under the same stimulatory
203  conditions, raising the possibility that the less potent effect of IL-2 and spike protein in monocytes
204  as compared to PBMCs is due to the lower induction of TNF-a and IFN-y (Figure 4C). Overall,
205  these results indicate that IL-2 and spike protein work together to stimulate other immune cells to

206  release TNF-a and IFN-y, thereby facilitating monocytes to secrete IL-1f, IL-6, and IL-8.

207  NKcells and T cells play essential roles in the synergistic stimulation of CRS-related cytokines
208 by IL-2 and spike protein via IFN-y and TNF-a

209  To identify the immune cells responsible for secreting TNF-o and IFN-y in PBMCs stimulated by
210  IL-2, we conducted intracellular staining to analyze the secretion of these cytokines in NK cells, T
211 cells, B cells, and monocytes within PBMCs. Our results indicated that compared with the PBS
212 control group, IL-2 could increase the secretion of TNF-a in NK cells and IFN-y in NK cells and T
213 cells. Compared with the spike protein group, IL-2 combined with spike protein can promote the
214 secretion of TNF-a in NK cells and monocytes and IFN-y in NK cells and T cells (Figure 5A, B).
215  To further investigate the role of NK cells and T cells in the secretion of inflammatory factors by
216  PBMCs stimulated by IL-2 and spike protein, we cocultured monocytes with NK cells or T cells,
217  respectively, and then stimulated them with IL-2 and spike protein. Our finding showed that
218  combining IL-2 and spike protein significantly elevated IL-1B, IL-6, and IL-8 in monocytes
219  cocultured with T cells and those cocultured with NK cells (Figure 5C, D). However, stimulating
220  monocytes alone did not have the same effect (Figure 5C). These data further support the notion
221 that IL-2, in collaboration with spike protein, stimulates PBMCs to secrete I1L-1p, IL-6, and IL-8,
222  and this is dependent on the presence of NK cells and T cells.

223 IL-2 induce an increase in the expression of CD40 and in turn facilitates the surface

224 localization of TLR4 in monocytes via TNF-a and IFN-y

225  Aswe have demonstrated that NF-kB plays a critical role in mediating the synergistic effect of spike
226  protein with IL-2, TNF-0, or IFN-y (Figure 3E, F and S3), we sought to explore its upstream
227  responder to spike protein and these cytokines. Through high-throughput sequencing technology,
228  we discovered significant activation of the Toll-like receptor signaling pathway in PBMCs in the
229  present IL-2 combined with spike protein when compared to spike protein alone (Figure 3A, 6A).
230 It has been reported that TLR4 is a receptor of spike protein (Zhao et al., 2021a, 2021b). As IL-1
231 and IL-6 are classic downstream of the TLR4-NF-«B signaling cascade, IL-2, TNF-a, and [FN-y

232  may exert their effects via this pathway as well. We found that spike protein reduces the membrane
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233 surface expression of TLR4 in monocytes of PBMCs (Figure 6B) without affecting its transcription
234 (Figure 6C). Spike protein binding to TLR4 leads to the internalization of TLR4, which is consistent
235  with the effect of LPS on TLR4. Interestingly, IL-2 combined with spike protein was found to
236  reverse the effect of spike protein on decreasing TLR4 membrane expression without affecting its

237  transcription (Figure 6B, C).

238 In recent studies, several proteins that regulate the stabilization, internalization, intracellular
239  trafficking, and recycling of TLR4 have been identified.(Aerbajinai et al., 2013; Cao et al., 2016;
240 Ciesielska et al., 2021; Kim & Kim, 2014; Liu et al., 2023; Tatematsu et al., 2016) We noticed a
241  significant upregulation of CD40, which has been reported to be able to up-regulate membrane
242 expression of TLR4 binding LPS,(Frleta et al., 2003) by IL-2 combined with spike protein compared
243 to spike protein alone in PBMCs (Figure 6A). qPCR analysis confirmed that IL-2 significantly
244 increased the transcription of CD40 in purified monocytes (Figure 6D) and also elevated its surface
245  expression of monocytes in PBMCs (Figure 6E). Importantly, blocking antibodies against CD40
246  strongly reduced the expression of TLR4 on the membrane surface of monocyte of PBMCs
247 stimulated with IL-2 and spike protein (Figure 6F). The secretion of TLR4 downstream
248  inflammatory cytokines such as IL-6, IL-1p, and IL-8 was also significantly inhibited upon CD40
249  blocking (Figure S4), underscoring the vital role of CD40 in mediating the TLR4-NF-«B signaling

250  pathway in response to synergistic stimulation of spike protein and IL-2.

251  Although IL-2 increased the expression of CD40 on monocytes in PBMCs, purified monocytes
252  directly stimulated with IL-2 did not exhibit any significant increase in the expression of CD40 at
253  all (Figure 6G). This finding suggests the involvement of other immune cells in CD40 regulation.
254  Based on the data in Figure 3-5, we hypothesized that TNF-a or IFN-y might play a role in CD40
255  regulation. Along this line, we found that TNF-a or IFN-y stimulated PBMCs markedly upregulated
256  the expression of CD40 on the surface of monocytes in PBMCs, with IFN-y having a potency similar
257  to IL-2 (Figure 6H). Notably, the expression of CD40 in monocytes stimulated by TNF-o, or IFN-y
258  significantly increased, whereas IL-2 had no effect (Figure 61, J), suggesting that TNF-a and IFN-y
259  may mediate the role of IL-2 in upregulating the expression of CD40 in PBMCs, as they are
260  upregulated by IL-2 (Figure 3H). Furthermore, blocking antibodies against TNF-a or IFN-y
261  effectively attenuated the upregulation of CD40 on the surface of monocyte within PBMCs treated
262  with IL-2 (Fig 6K) and reversed the upregulation of TLR4 on the surface of monocytes in PBMCs
263  treated with spike protein and IL-2 (Figure 6L). These results suggest that the regulation of
264  membrane expression CD40 and TLR4 in response to synergistic stimulation of spike protein and
265  IL-2 is mediated by TNF-a and IFN-y. Moreover, we found that IKK-16, an inhibitor of NF-«B,
266  could inhibit the promotion of TNF-a and IFN-y on CD40 expression (Figure 6M).

267  Considering the vital role of the TLR4-NF-kB signaling pathway in mediating the synergistic
268  stimulation of spike protein and IL-2 in inducing inflammatory cytokines, this pathway presents a

269  promising target for preventing or reducing CRS in COVID-19 patients. Consistent with the effect


https://doi.org/10.1101/2023.11.01.565098
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.01.565098; this version posted November 1, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

270  of IKK-16, we found that TAK242, a TLR4 inhibitor, significantly inhibited the release of IL-1f,
271  IL-6, and IL-8 in PBMCs co-treated with IL-2 and spike protein (Figure 6N). Notably, this
272  inhibitory effect was further enhanced when combined with blocking antibodies against TNF-a or
273  IFN-y (Figure 6N).

274 Our findings suggested that IL-2 stimulation of PBMCs leads to a significant secretion of IFN-y and
275  TNF-a, resulting in the upregulation of CD40 on the surface of monocytes. The increased interaction
276 of CD40-CD40L then maintains the stable membrane localization of TLR4 and prolongs its
277  interaction with spike protein, subsequently hyper-activating NF-kB in monocytes. These findings
278  shed light on the mechanism underlying the synergistic effect of spike protein and IL-2 in inducing
279  inflammatory cytokine release. They may provide important insights for developing effective

280  therapeutic strategies to prevent or reduce CRS in patients with COVID-19.
281  Discussion

282  CRS is a common complication observed in severe COVID-19 patients.(Yongzhi, 2021) IL-6 and
283  IL-1 are considered to be essential cytokines in CRS. We observed that spike protein can stimulate
284  PBMCs to produce IL-1p and IL-6 in a dose-dependent manner. We initially speculated that an
285  increase in viral load could lead to elevated spike protein levels and trigger CRS. However, there
286  was no significant difference in viral load between severe and mild COVID-19 patients (To et al.,
287  2020). Moreover, Clinical reports have shown that the viral load of patients with COVID-19 is
288  relatively high in the initial stage of infection.(Pan et al., 2020; Walsh et al., 2020) These findings
289  indicate that factors other than the viral load may play a more significant role in inducing CRS in

290  COVID-19 patients.

291  One prominent feature of CRS in severe COVID-19 patients is the apparent increase in levels of
292  cytokines. Many severe COVID-19 patients exhibit a noticeable elevation of IL-2 in their
293  plasma.(Akbari et al., 2020; Huang et al., 2020; J. Liu et al., 2020) It has been reported that high-
294  dose IL-2 administration causes capillary leak syndrome,(Boyman & Sprent, 2012; van Haelst
295  Pisani et al., 1991) and coincidentally capillary leak syndrome is a severe clinical manifestation of
296  CRS (Case et al., 2020). These studies hint at the crucial role of IL-2 in CRS in severe COVID-19
297  patients. Along this line, our study revealed that DCs stimulated by spike protein activate T cells to
298  release more IL-2 than those stimulated with DCs alone. Therefore, we speculate that spike protein
299  may promote DCs to activate T cells to release a large amount of IL-2, leading to capillary leak
300  syndrome in severe COVID-19 patients. Moreover, capillary leak syndrome also occurs in some
301  individuals who received the SARS-CoV-2 RNA vaccine which translates and expresses spike
302  protein in vivo,(Matheny et al., 2021) further supporting our speculation. IL-2 plays a critical role
303  in the immune system, and we found that IL-2 alone can stimulate PBMCs to produce multiple
304  cytokines (IFN-a, IFN-B, TNF-a), which may lead to the persist inflammation. Additionally, I1L-2
305  and spike protein of SARS-CoV-2 synergistically stimulated PBMCs to produce a large amount of

306 IL-1B, IL-6, and IL-8. These results further reveal that the continuous presence of virus antigens
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307 and persistent inflammatory reactions are the primary causes of CRS, which is consistent with the
308  clinical symptoms of severe COVID-19 cases. Clinically, severe COVID-19 patients exhibit a slight
309  decrease in viral load but persistent inflammatory reactions.(Moss, 2022; Zheng et al., 2020) Thus,
310  our findings indicate that IL-2 is essential in CRS in patients with severe COVID-19.

311  Severe COVID-19 patients with CRS often exhibit activation of NF-kB, as well as upregulation of
312 TNF-a and IFN-y.(Hariharan et al., 2021; Huang et al., 2020; Kircheis et al., 2020) However, the
313  underlying mechanism is vague. In this study, we found that IL-2 activated the NF-kB pathway of
314  monocytes by stimulating PBMCs to release TNF-a and IFN-y. It has been reported that spike
315  protein of SARS-CoV-2 activates monocytes through binding to TLR4 which is an important
316 upstream regulator of NF-kB.(Brandao et al., 2021; Conte, 2021; Manik & Singh, 2022; Zhao et al.,
317  2021b) We confirmed that spike protein activated the NF-«kB, but when combined with IL-2, the
318  NF-«B pathway becomes even more strongly activated. NF-kB inhibitor not only represses the NF-
319  «B activation induced by spike protein or IL-2 combined with spike protein, but also reduces the
320  release of IL-1pB, IL-6, and IL-8 from PBMCs stimulated by IL-2 combined with spike protein.
321  These indicate that the NF-«kB is vital in the interplay between IL-2 and spike protein in inducing
322  CRS-related inflammatory factors in PBMCs. Targeting the NF-kB pathway could, therefore, prove
323  helpful in preventing and treating CRS in patients with COVID-19. It has been reported that aspirin
324  may reduce mortality in patients with COVID-19,(Martha et al., 2021) but the mechanism is unclear.
325 Since aspirin can inhibit NF-xB activity, (Huo et al., 2018; Liao et al., 2015) we speculate that
326  aspirin may reduce the risk of severe CRS in COVID-19 patients by inhibiting the activity of NF-
327  «B. Overall, our study clarified the interplay between IL-2, TNF-a, IFN-y, and CRS in COVID-19

328  patients and highlighted potential avenues for therapeutic intervention.

329  We found that spike protein of SARS-CoV-2 reduces the membrane expression of TLR4 on
330  monocytes, which may be due to the internalization of TLR4 after binding to its ligand.(Kagan et
331  al.,2008) The internalized TLR4 locates at the endosome and involves in TRIF-dependent signaling
332  pathways, leading to a decreased and delayed activation of NF-kB compared to the TLR4-MyD88
333  signaling axis.(Lin et al., 2021) In addition, the internalized TLR4 would eventually be degraded by
334 lysosomes, further weakening the NF-«kB signaling activated by membrane TLR4.(Gangloff, 2012)
335  Ofnote, after adding IL-2, the decrease in TLR4 membrane expression caused by spike protein was
336  reversed, and the TLR4-NF-«kB pathway was further activated. This occurred because IL-2
337  maintained the stable localization of TLR4 on the surface of monocytes treated with spike protein
338 by up-regulating the expression of CD40. The interaction between CD40 and CD40L helped
339  stabilize TLR4 on the surface of monocytes treated with spike protein, thus avoiding its rapid
340  internalization and degradation. Our research is consistent with previous reports in which they
341  believe that the binding of CD40 and CD40L can improve the stability of TLR4 on the surface of
342  DCs.(Frleta et al., 2003) Although IL-2 could not directly stimulate the expression of CD40 on
343  monocytes, it achieved this effect through IFN-y and TNF-a. It should be noted that the impact of
344  TNF-a was weaker than that of IFN-y, consistent with literature reports.(Lee et al., 2007) These
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345  results indicate that TNF-a and IFN-y are crucial in enhancing the TLR4-NF-kB pathway via
346  transcriptional regulation of CD40. Our study further showed that TNF-a neutralizing antibody
347  combined with a TLR4 inhibitor inhibits the synergistic stimulation of IL-2 and spike protein in
348  monocytes releasing CRS-related inflammatory factors such as IL-1p, IL-6, and IL-8. Therefore,
349  the combination of TLR4 inhibitor and TNF-a neutralizing antibody may represent a promising
350 therapeutic strategy in treating CRS in patients of COVID-19 and other syndromes, such as CAR-

351 T cell anti-tumor therapy, where CRS is a common side effect.

352  Several clinical studies have shown that monocytes are involved in the developing of CRS in severe
353 COVID-19 patients,(Falck-Jones et al., 2022; Ma et al., 2022; Merad & Martin, 2020; Pence, 2020)
354  but currently, no effective in vitro model exists for verification. We found that when monocytes
355  were removed from PBMCs, the synergistic effect of IL-2 and spike protein in stimulating PBMCs
356  to release CRS-related cytokines significantly decreased. This indicated that our model could
357  effectively certify that monocytes are the critical cells for releasing CRS-related cytokines. However,
358  direct stimulation of monocytes with IL-2 combined with spike protein did not enhance the release
359  of inflammatory factors, suggesting that IL-2 is not the primary factor directly cooperating with
360 spike protein to stimulate monocytes to release inflammatory factors. Our study also found that
361  PBMCs stimulated with IL-2 exhibited increased secretion of TNF-a and IFN-y from NK cells and
362  IFN-y from T cells. Co-culturing NK cells or T cells with monocytes in the medium containing IL-
363 2 and spike protein significantly increased the release of inflammatory factors, including IL-1p, IL-
364 6, and IL-8. These findings further suggest that NK cells, T cells, and monocytes play an essential
365  role in CRS induced by SARS-CoV-2. Our research provides novel insights into the interplay
366  between immune cells and cytokines produced by CRS, laying the foundation for a better

367  understanding of this severe complication related to COVID-19.
368  Conclusion

369  Our research suggests that after SARS-CoV-2 enters the human body, spike protein can activate
370  DCs, which in turn stimulate T cells producing a large amount of IL-2. IL-2 can stimulate NK cells
371  torelease TNF-a and IFN-y and T cells to release IFN-y. The increased level of [FN-y enhances the
372  membrane-located TLR4 via up-regulating the transcription of its partner CD40 in monocytes,
373  resulting in prolonged interaction between spike protein and TLR4 and subsequent activation of
374  NF-«B. Simultaneously, the elevated level of TNF-a activates the NF-kB signaling pathway of
375  monocytes. In such a condition, TNF-a and IFN-y cooperate to enhance the activation of NF-kB-
376  dependent transcription of CRS-related inflammatory cytokines such as IL-1pB, IL-6, and IL-8
377  (Figure 7). Overall, our study shows that the development of CRS requires the involvement of
378  multiple immune cells, and IL-2, TNF-0, and IFN-y may act as the primary factors in triggering

379  CRS, providing promising avenues for clinical interventions for COVID-19 patients.

380 Materials and Methods
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381  Isolation of PBMCs

382  The Ethics Committee of the First Hospital of Jilin University approved this study (2020-521). The
383  peripheral blood samples rich in white blood cells were initially obtained from the Changchun
384  Central Blood Station. PBMCs were obtained by Ficoll density gradient centrifugation of
385  lymphocyte separation solution Lymphoprep™ (Axis-Shield, Oslo, Norway). PBMCs were
386  cultured in RPMI-1640 medium (Gibco, Grand Island, NY, USA) in a humidified atmosphere with
387 5% CO;at37°C.

388  Spike protein stimulates PBMCs

389  PBMCs were adjusted to 1x10° cells/mL RPMI-1640 medium, and the PBMCs were inoculated into
390  24-well plates (NEST Biotechnology Co., Ltd, Wuxi, China) at 400 pL per well. Then PBS, spike
391  protein (ACROBiosystems, Beijing, China), IL-2 (100 IU/mL), IL-2 (100 IU/mL) combined with
392  spike protein (10 uM), TNF-a (0.5 ng/mL), TNF-a (0.5 ng/mL) combined with spike protein (10
393  uM), IFN-y (1 ng/mL), or IFN-y (1 ng/mL) combined with spike protein (10 uM) (above cytokines
394  were all from T&L Biological Technology, Beijing, China) were added to PBMCs. After 16 hrs of
395  incubation, the supernatant was collected for cytokine detection. In some experiments, blocking
396  antibodies against CD40 (10 pg/mL) (Biolegend, San Diego, USA), TNF-o (10 pg/mL)
397  (MedChemExpress, Monmouth Junction, USA), or IFN-y (10 pg/mL) (eBioscience, San Diego,
398  USA) were added to the cultures.

399 Isolation of NK cells, T cells, and monocytes

400 T cells, NK cells, and monocytes were isolated from PBMCs by EasySep Human T Cell Isolation
401  Kit (StemCell Technologies, Vancouver, Canada), MACSxpress Whole Blood NK Cell Isolation
402  Kit (Miltenyi Biotec, Bergisch Gladbach, Germany), and EasySep Human Monocyte Isolation Kit
403  (StemCell Technologies). In the coculture experiment, the density of monocytes was adjusted to
404  2x10°cells/mL, and NK or T cells were mixed with monocytes of corresponding donors according
405  to the ratio of NK or T cells to monocytes. Cells were inoculated in 24-well plates at 400 pL per
406  well. Then PBS, spike protein, IL-2, or IL-2 combined with spike protein were added respectively
407  and incubated for 16 hrs. The supernatant was collected, and the cytokines in the supernatant were

408 detected.
409 DCs and T cell coculture

410  DCs were adjusted to 1x10° cells/mL in CellGenix® GMP DC serum-free medium (CellGenix,
411  Freiburg, Germany) with 100 ng/mL. GM-CSF and 50 ng/mL IL-4 (both from T&L Biological
412  Technology). Spike protein and TNF-o were added on the fifth day of culture, and DCs were
413 collected on the seventh day. The density of T cells was adjusted to 1x10° cells /mL, and DC and T
414  cells were cocultured at a ratio of 1:5 for two days. The supernatant was collected for the detection

415  of IL-2.
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416 Flow cytometry

417  The cell density should be adjusted to 1x10° cells/mL, and then 1 puL BD GolgiPlug™ (BD
418 Biosciences, San Jose, CA, USA) should be added to each milliliter of the cell suspension. Cells
419  were cultured in an incubator at 37°C for 4 h and washed with PBS once. Following the instructions
420  of BD Cytofix/Cytoperm™ Plus Fixation/Permeabilization Solution Kit (BD Biosciences), Cells
421  were fixed, permeabilized, and stained with anti-human TNF-a (Biolegend), anti-human IFN-y (BD

422  Biosciences), anti-human IL-6 (Biolegend), or isotype control antibodies for 30 min.

423 To detect CD40 and TLR4 on monocytes, cells were adjusted to 1x10° cells/mL and stained with
424  anti-human CD14, anti-human CD40, anti-human TLR4, or isotype control antibodies (the above

425  antibodies were all from Biolegend) at room temperature for 15 min.

426 PBMC should be adjusted to a cell density of 2.5x10° cells/mL. An equal volume of BD Cytofix™
427  Fixation Buffer (BD Biosciences) was added to the cell suspension and fixed at 37°C for 10 min.
428  After fixation, the cells were collected and mixed with 200 pL BD PhosFlow™ Perm Buffer III
429  (BD Biosciences), then incubated on ice for 30 minutes. The cells were washed with PBS twice and
430  incubated with anti-human NF-«B p65 (pS529) (BD Biosciences), anti-human CD14, or isotype

431  control antibodies for 30 min at room temperature in the dark.

432  After washing with PBS once, the cells were analyzed using a FACSAria Il flow cytometer (BD
433  Biosciences). The data were analyzed by FlowJo software version 10 (Tree Star, Inc., Ashland, OR,
434 USA).

435 Cytokine detection

436  Cytokines in the supernatants were assayed by Cytometric Bead Array (CBA, BD Biosciences) or

437  respective ELISA kit (Biolegend) according to the manufacturer's instructions.
438 Quantitative Real-time PCR

439  PBS, spike protein, IL-2, or IL-2 combined with spike protein were used to stimulate PBMCs for
440 16h. Then monocytes were isolated by a monocyte enrichment kit. RNA of monocytes was extracted
441 by GeneJET RNA Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA), and cDNA was
442  obtained by Hifair 1st Strand cDNA Synthesis SuperMix for qPCR (Yeasen, Shanghai, China).
443  Quantitative real-time PCR (qPCR) was performed using 2xRealStar Green Fast Mixture (GenStar,
444  Beijing, China) in a CFX384 Real-Time System C1000 Touch Thermal Cycler (Bio-Rad
445 Laboratories, Hercules, CA, USA). The relative transcription levels of the genes of interest were

446  normalized against the expression of GAPDH and calculated using the AACT method. The

447  sequences of primers used in this study are CD40, CCTGTTTGCCATCCTCTTGGTG (forward
448  primer) and AGCAGTGTTGGAGCCAGGAAGA (reverse primer); TLR4,
449  AGACCTGTCCCTGAACCCTAT (forward primer) and CGATGGACTTCTAAACCAGCCA
450  (reverse primer); GAPDH, GTCTCCTCTGACTTCAACAGCG (forward primer) and
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451  ACCACCCTGTTGCTGTAGCCAA (reverse primer).
452  High throughput sequencing

453  PBMCs were stimulated with PBS, spike protein, IL-2, or IL-2 combined with spike protein for 16
454 hrs and used for RNA extraction using TRIzol™ reagent (Thermo Fisher Scientific, MA, USA)
455  according to the manufacturer's instructions. RNA sequencing and bioinformatic analysis were
456  performed at Shanghai Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). RNA
457  sequencing data has been uploaded to the GEO database. GEO accession numbers is GSE241843.

458  Statistical analyses

459 Statistical analysis was performed by GraphPad Prim 8 (GraphPad Software). Paired Student’s t-
460  test was performed for the comparison of two paired groups. One-way ANOVA or two-way
461  ANOVA was conducted to compare three or more groups. P value of less than 0.05 was considered

462  statistically significant.
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700  Figure Legends

701 Figure 1 IL-2 cooperates with spike protein to stimulate PBMCs to secrete I1L-6, IL-1p, and
702  IL-8.

703 (A) Quantifying concentrations of IL-1p and IL-6 in supernatants of PBMCs stimulated by different
704  concentrations of spike protein for 16 hrs according to CBA (n = 5 biological replicates). (B) Bar
705  graph (right) showing the concentration of IL-2 in the supernatants of T cells cocultured with DC,
706  DC activated with spike protein, spike protein, or PBS as indicated by the schema (left). n = 4
707  biological replicates. (C, D) Quantifying concentrations of cytokines by CBA in the supernatants of
708  PBMCs treated with PBS, spike protein, IL-2, or IL-2 combined with spike protein for 16 hrs (n =
709 22 biological replicates). Data are presented as mean + SD. ns: not significant, *p < 0.05, **p <

710  0.01, and ***p < 0.001 as analyzed by one-way ANOVA.
711

712  Figure 2 Monocytes are pivotal cells in the secretion of CRS-related cytokines in PBMCs co-
713  stimulated with IL-2 and spike protein.

714 (A) Representative intracellular staining analysis (left) and quantification (right) of the expression
715  of IL-6 by flow cytometry in monocytes of PBMCs stimulated with PBS, spike protein, IL-2, or
716  spike protein combined with IL-2 for 16 hrs (n = 4 biological replicates). MFI, mean fluorescence
717  intensity. (B) Quantification of the expression of IL-6 in NK cells, T cells, and B cells of PBMCs
718  described in A. (C) Quantifying the concentrations of cytokines by CBA in the supernatants of
719  PBMCs and PBMCs without monocytes stimulated with PBS, spike protein, IL-2, or spike protein
720  combined with IL-2 for 16 hrs (n = 6 biological replicates). Data are presented as mean = SD. ns:
721  not significant, *p < 0.05, **p < 0.01, and ***p < 0.001 as analyzed by one-way ANOVA (A, B)
722  or two-way ANOVA (C).

723

724  Figure 3 TNF-a and IFN-y mediate the activation of NF-kB in PBMCs upon the synergistic
725 stimulation by spike protein and IL-2.

726  (A) Bubble plot showing the enrichment of KEGG pathways based on the transcriptomic analysis
727  of PBMCs treated with IL-2 combined with spike protein or spike protein alone for 16 hrs (n = 3
728  biological replicates). (B) GSEA shows the TNF-a signaling via NF-«B and the IFN-y signatures in
729  the transcriptomic analysis described in A. NES: normalized enrichment score; FDR: false
730  discovery rate. (C) Heat map showing the differentially expressed genes in the NF-kB pathway in
731  the samples in A. (D) Representative intracellular staining analysis (left) and quantification (right)
732  ofthe expression of p-p65 by flow cytometry in monocytes of PBMCs stimulated with spike protein
733 or spike protein combined with IL-2 for 16 hrs (n = 7 biological replicates). (E) Representative

734 intracellular staining analysis (left) and quantification (right) of the expression of p-p65 in
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735  monocytes of PBMCs stimulated with spike protein, spike protein combined with IL-2, or spike
736  protein combined with IL-2 and IKK-16 for 16 hrs (n = 3 biological replicates). (F, G) Quantifying
737  concentrations of IL-1, IL-6, and IL-8 by CBA in the supernatants of PBMCs in E. (H) Quantifying
738  concentrations of TNF-a and IFN-y in the supernatants of PBMCs stimulated with spike protein or
739  spike protein combined with IL-2 for 16 hrs (n = 3 biological replicates). (I) Representative
740  intracellular staining analysis (left) and quantification (right) of the expression of p-p65 in
741  monocytes of PBMCs stimulated with spike protein, spike protein combined with IL-2 and control
742 IgG, or spike protein combined with IL-2 and TNF-a or/and IFN-y blocking antibodies for 16 hrs
743  (n=13 biological replicates). Data are presented as mean + SD. ns: not significant, *p < 0.05, **p <
744 0.01, and ***p < 0.001 as analyzed by paired Student’s t-test (D and H) or one-way ANOVA (E, G,
745  and ).

746

747  Figure 4 TNF-o and IFN-y cooperate with spike protein to stimulate monocytes to release IL-
748 1B, IL-6, and IL-8.

749 (A) Quantifying concentrations of IL-1B, IL-6, and IL-8 by CBA in the supernatants of PBMCs
750 stimulated with spike protein, spike protein combined with IL-2 together with/without blocking
751  antibodies against TNF-a or IFN-y for 16 hrs (n = 4 biological replicates). (B) Quantifying
752  concentrations of IL-1p, IL-6, and IL-8 by ELISA in the supernatants of PBMCs stimulated with
753  spike protein, IL-2, TNF-a, IFN-y, or spike protein combined with these cytokines for 16 hrs (n =8
754  biological replicates). (C) Quantifying concentrations of IL-1p, IL-6, and IL-8 by CBA in the
755  supernatants of monocytes stimulated with spike protein, IL-2, TNF-a, IFN-y, or spike protein
756  combined with these cytokines for 16 hrs. (n = 7 biological replicates). (D) Quantifying
757 concentrations of IL-1p, IL-6, IL-8, IFN-y, TNF-a, and IL-2 by CBA in the supernatants of PBMCs
758 and monocytes stimulated with spike protein combined with IL-2 for 16 hrs. Each red line connects
759  PBMCs and monocytes from the same donor. (n = 6 biological replicates) Data are presented as
760  mean = SD. ns: not significant, *p < 0.05, **p < 0.01, and ***p < 0.001 as analyzed by one-way
761  ANOVA (A, B, and C) or paired Student’s t-test (D).

762

763  Figure ST cells and NK cells play essential roles in the synergistic stimulation of CRS-related
764  cytokines by IL-2 and spike protein via IFN-y and TNF-a.

765 (A, B) Quantification of the expression of TNF-a and IFN-y by flow cytometry in NK cells,
766  monocytes, T cells, and B cells of PBMCs stimulated with PBS, spike protein, IL-2, or spike protein
767  combined with IL-2 for 16 hrs (n = 4 biological replicates). (C) Quantifying concentrations of IL-
768 1B, IL-6, IL-8, IFN-y, and TNF-a by CBA in the supernatants of monocytes with/without
769  cocultivation of T cells from the respective donor under stimulation with PBS, spike protein, 1L-2,

770  or spike protein combined with IL-2 for 16 hrs (n = 4 biological replicates). (D) Quantifying
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771  concentrations of IL-1p, IL-6, IL-8, IFN-y, and TNF-o by CBA in the supernatants of monocytes
772 cocultured with NK cells from the respective donor under stimulation with PBS, spike protein, IL-
773 2, or spike protein combined with IL-2 for 16 hrs (n = 3 biological replicates). Data are presented
774 as mean = SD. ns: not significant, *p < 0.05, **p < 0.01, and ***p < 0.001 as analyzed by one-way
775  ANOVA.

776

777  Figure 6 IL-2 induces an increase in the expression of CD40 and in turn facilitates the surface

778  localization of TLR4 in monocytes via TNF-a and IFN-y.

779  (A) GSEA and heat map showing the differentially expressed genes of TLR signaling pathway
780  based on transcriptomic analysis in PBMCs treated with spike protein combined with IL-2 and spike
781  protein alone for 16 hrs (n = 3 biological replicates). (B) Quantification of the expression of TLR4
782 by flow cytometry on monocytes in PBMCs treated with PBS, spike protein, IL-2, or IL-2 combined
783  with spike protein for 16 hrs (n = 7 biological replicates). (C, D) Quantification of the expression of
784  TLR4 and CD40 by qPCR analysis in purified monocytes treated with PBS, spike protein, IL-2, or
785  IL-2 combined with spike protein for 16 hrs (n = 3 biological replicates). (E) Representative staining
786  analysis (left) and quantification (right) of the expression of CD40 by flow cytometry on monocytes
787  in PBMCs stimulated with PBS, spike protein, IL-2, or spike protein combined with IL-2 for 16 hrs
788  (n=3 biological replicates). (F) Representative staining analysis (left) and quantification (right) of
789  the expression of TLR4 on monocytes of PBMCs stimulated with spike protein combined with IL-
790 2, along with the addition of CD40 blocking antibody or control IgG (n = 3 biological replicates).
791  (G) Representative staining analysis of the expression of CD40 by flow cytometry on monocytes in
792  PBMC:s (left) and purified monocytes (right) treated with PBS or IL-2 for 16 hrs. (H) Representative
793  staining analysis (left) and quantification (right) of the expression of CD40 by flow cytometry on
794  monocytes in PBMCs stimulated by IL-2, TNF-a, or IFN-y for 16 hrs (n = 3 biological replicates).
795 (I, J) Representative staining analysis (left) and quantification (right) of the expression of CD40 by
796  flow cytometry on purified monocytes stimulated by IL-2, TNF-a, or IFN-y for 16 hrs (n = 3
797  biological replicates). (K) Representative staining analysis (left) and quantification (right) of the
798  expression of CD40 by flow cytometry on monocytes in PBMCs stimulated with IL-2 along with
799  the addition of blocking antibodies against TNF-a or IFN-y or control IgG for 16 hrs (n = 5
800  biological replicates). (L) Representative staining analysis (left) and quantification (right) of the
801  expression of TLR4 by flow cytometry on monocytes in PBMCs stimulated with IL-2 combined
802  with spike protein, along with the addition of blocking antibodies against TNF-a or IFN-y or control
803  IgG for 16 hrs (n = 4 biological replicates). (M) Representative staining analysis (left) and
804  quantification (right) of the expression of CD40 by flow cytometry on monocytes in PBMCs
805  stimulated with TNF-a or IFN-y along with the addition of NF-kB inhibitor IKK-16 for 16 hrs (n =
806 3 biological replicates). (N) Quantifying concentrations of IL-1f, IL-6, and IL-8 by CBA in the
807 supernatants of PBMCs stimulated with spike protein combined with IL-2, along with the addition
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808  of TLR4 inhibitor and blocking antibodies against TNF-a or IFN-y or control IgG for 16 hrs (n =3
809  biological replicates). Data are presented as mean = SD. ns: not significant, *p < 0.05, **p < 0.01,

810  and ***p < 0.001 as analyzed by one-way ANOVA.
811

812  Figure 7 A diagram of the mechanism of spike protein cooperating with IL-2 to stimulate

813  immune cells to produce CRS-related inflammatory factors.

814  DCs loaded with spike protein stimulate T cells to secrete IL-2, which subsequently facilitates the
815  production of TNF-o and IFN-y by NK cells and IFN-y by T cells. IFN-y increases the transcription
816  of CD40, which promotes the stable localization of TLR4 on the membrane surface of monocytes,
817  leading to a constant interaction between spike protein and TLR4 and activation of NF-kB. TNF-a
818  also activates NF-«kB signaling in monocytes, which cooperates with IFN-y to modulate NF-kB-
819  dependent transcription of CRS-related inflammatory cytokines such as IL-1p3, IL-6, and IL-8.

820
821  Figure S1 Spike protein stimulates PBMCs to secrete IL-1p, IL-6, and IL-8.

822  Quantifying concentrations of cytokines by CBA in the supernatants of PBMCs stimulated by spike
823  protein for 16 hrs (n =5 biological replicates). Data are presented as mean + SD. ns: not significant,

824  *p<0.05, and **p < 0.01 as analyzed by paired Student’s t-test.
825

826  Figure S2 Spike protein activates NF-kB to facilitate monocyte transcription of IL-1p, IL-6,
827  and IL-8.

828  (A) Bubble plot showing the enrichment of KEGG pathways based on the transcriptomic analysis
829  of PBMC:s treated with spike protein or PBS for 16 hrs. (B, C) Heat maps showing the differentially
830  expressed genes in the NF-kB signaling pathway, TNF-a signaling pathway, and JAK-STAT
831  signaling pathway in PBMCs treated with spike protein or PBS for 16 hrs (n = 3 biological
832  replicates). (D) Representative intracellular staining analysis (left) and quantification (right) of the
833  expression of p-p65 by flow cytometry in monocytes of PBMCs stimulated with spike protein or
834  PBS for 16 hrs (n = 7 biological replicates). (E) Representative intracellular staining analysis (left)
835  and quantification (right) of the expression of p-p65 by flow cytometry in monocytes of PBMCs
836  stimulated with PBS, spike protein, or spike protein combined with IKK-16 (n = 3 biological
837  replicates). (F) Quantifying concentrations of IL-1p, IL-6, and IL-8 by CBA in the supernatants of
838  PBMCs stimulated with PBS, spike protein, or spike protein combined with IKK-16 for 16 hrs (n =
839 3 biological replicates). Data are presented as mean + SD. ns: not significant, *p <0.05, **p <0.01,
840  and ***p < 0.001 as analyzed by one-way ANOVA (E, F) or paired Student’s t-test (D).
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842  Figure S3 Inhibition of NF-kB reduces the secretion of IL-1f, IL-6, and IL-8 in PBMCs
843  stimulated by spike protein together with TNF-a or IFN-y.

844  Quantifying concentrations of IL-1B, IL-6, and IL-8 by CBA in the supernatants of PBMCs
845 stimulated with spike protein, spike protein combined with TNF-a or IFN-y, and spike protein
846  combined with TNF-a or IFN-y together with IKK-16 for 16 hrs (n = 3 biological replicates). Data
847  are presented as mean + SD. ns: not significant, *p <0.05, **p <0.01, and ***p < 0.001 as analyzed
848 by one-way ANOVA.

849

850  Figure S4 Reduction in the secretion of IL-1f, IL-6, and IL-8 in PBMCs stimulated with IL-2
851 and spike protein upon blocking CD40.

852  Quantifying concentrations of IL-1B, IL-6, and IL-8 by CBA in the supernatants of PBMCs
853  stimulated with spike protein combined with IL-2 with/without CD40 blocking antibody for 16 hrs
854 (n=4 biological replicates). Data are presented as mean + SD. *p <0.05, and **p <0.01 as analyzed
855 by paired Student’s t-test.
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870 KEY RESOURCES TABLE

REAGENT or Source of Identifiers Additional
RESOURCE reference information
Flow cytometry antibodies
anti-human TNF-a Biolegend 502909 RRID: AB 31526
. . RRID:
anti-human IL-6 Biolegend 501120 AB_2572042
anti-human IFN-y BD Biosciences 554552 RRID: AB 395474
PE Mouse IgGl, « . RRID:
Isotype Ctrl Antibody ~ Drolegend 400112 AB_2847829
PE/Cy7 Rat IgGl, « . RRID: AB 326521
Isotype Ctrl Antibody Blolege bl
Mouse IgG1, k BD Biosciences 554680 RRID: AB 395506
. . RRID:
anti-human CD14 Biolegend 325632 AB_ 2563328
. . RRID:
anti-human CD40 Biolegend 334307 AB_1186060
anti-human CD284 . RRID:AB 256248
(TLR4) Biolegend 312816 7
NF-kB p65 (pS529) BD Biosciences 558423 RRID: AB 647222
isotype control BD Biosciences 559529 RRID: AB 397261
antibodies
Blocking antibodies
Ultra-LEAF™  Purified
anti-human CD40 Biolegend 668103
Antibody
Infliximab (TNF-o. MedChemExpres
blocking antibody) ] HY-P9970
IFN gamma Monoclonal L
Antibody (NIB42) eBioscience 16-7318-81
Experimental models: cells
PBMCs This paper N/A
T cells This paper N/A
NK cells This paper N/A
Monocytes This paper N/A
DCs This paper N/A
Software and algorithms
. GraphPad https://www.graphpad.co
GraphPad Prim 8 Soitts, LG m
Flow]o V. 10.8 FlowJo, LLC https://www.flflowjo.com
Medium
RPMI-1640 medium Gibco C11875500BT
CellGenix® GMP DC CellGenix 20801

serum-free medium

Cytokines
T&L Biological GMP-TL777

IL-2
Technology

TNF-q T&L Biological GMP-TL303
Technology

TFN-y T&L Biological GMP-TL105
Technology

GM-CSF T&L Biological GMP-TL302
Technology

IL-4 T&L Biological GMP-TL301
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Technology
Kits
EasySep™ Human T StemCell 17951
Cell Isolation Kit Technologies
MACSxpress Whole . .
Blood NK Cell Isolation Wiiemyl Biotee, 43 49g 15
Kit Bergisch
EasySep Human StemCell 19359
Monocyte Isolation Kit ~ Technologies
BD GolgiPlug™ BD Biosciences 555029
BD Cytofix/Cytoperm™
Plus L
Fixation/Permeabilizatio BD Biosciences RIS
n Solution Kit
GeneJET RNA .
Purification Kit Thermo Fisher K0732
Hifair 1st Strand cDNA
Synthesis SuperMix for Yeasen 11141ES60
qPCR
BD™ Cytometric Bead RRID:
Array (CBA) Human IL- BD Biosciences 558279 AB 2’8 69135
1 Flex Set -
BD™ Cytometric Bead RRID:
Array (CBA) Human IL- BD Biosciences 558277 AB 2‘8 69133
8 Flex Set -
BD™ Cytometric Bead RRID:
Array (CBA) Human BD Biosciences 558273 AB 2‘8 69130
TNF Flex Set -
BD™ Cytometric Bead RRID:
Array (CBA) Human BD Biosciences 558269 AB 2’8 69127
IFN-y Flex Set -
BD™ Cytometric Bead RRID:
Array (CBA) Human IL- BD Biosciences 558276 .
AB 2869132
6 Flex Set -
BD™ Cytometric Bead RRID:
Array (CBA) Human IL- BD Biosciences 558272 AB 2’8 69129
4 Flex Set -
BD™ Cytometric Bead RRID:
Array (CBA) Human IL- BD Biosciences 558270 AB 2’8 69128
2 Flex Set -
BD™ Cytometric Bead )
Array (CBA) Human IL- BD Biosciences 558274 $MD’AB*286913
10 Flex Set
Human IL-6 ELISA kit DAKEWE 1110603
RealStar Green Fast GenStar, Beijing,
Mixture China S
Reagents
TRIzol™ Reagent Thermo Fisher 15596026
BD Cytofix™ Fixation BD Biosciences 554655
Buffer
T™M
gl?ffef?ﬁSﬂow Perm BD Biosciences 558050
SARS-Cov-2-S .
protein,His Tag, Super ACROBiosystem SPN-C52H9
stable trimer 5
Lymphoprep™ Axis-Shield 1114547
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