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One Sentence Summary: TLR4 mediates long-term cognitive impairment in mice and its genetic
variant increases the risk of poor cognitive outcome in post-COVID patients.

Abstract: Cognitive dysfunction is often reported in post-COVID patients, but its underlying
mechanisms remain unknown. While some evidence indicate that SARS-CoV-2 can reach and
directly impact the brain, others suggest viral neuroinvasion as a rare event. Independently of brain
viral infection, the ability of SARS-CoV-2 spike (S) protein to cross the BBB and reach memory-
related brain regions has already been shown. Here, we demonstrate that brain infusion of S protein
in mice induces late cognitive impairment and increases serum levels of neurofilament light chain
(NFL), which recapitulates post-COVID features. Neuroinflammation, hippocampal microgliosis
and synapse loss are induced by S protein. Increased engulfment of hippocampal presynaptic
terminals late after S protein brain infusion were found to temporally correlate with cognitive
deficit in mice. Blockage of TLR4 signaling prevented S-associated detrimental effects on synapse
and memory loss. In a cohort of 86 patients recovered from mild COVID-19, genotype GG TLR4
-2604G>A (rs10759931) was associated with poor cognitive outcome. Collectively, these findings
indicate that S protein directly impacts the brain and suggest that TLR4 is a potential target to
prevent post-COVID cognitive dysfunction.

Main Text:
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is considered a
respiratory pathogen, but the impact of the infection on extrapulmonary tissues is of high concern.
Coronavirus disease 2019 (COVID-19) is associated with unpredictable and variable outcomes,
and while most patients show a positive recovery after the acute stages, others experience a myriad
of acute and long term neurological dysfunctions(1). Cognitive impairment is a well-characterized
feature of the post-COVID syndrome, referred to as “long COVID” or brain fog(2). Mounting
evidence suggests that COVID-induced neurological symptoms are mediated by multiple
mechanisms, including brain hypoxia and systemic inflammation even in patients with mild
symptoms(3, 4). Despite some findings indicating that SARS-CoV-2 can reach and directly impact
the brain, others indicate that the virus can rarely cross the blood-brain-barrier (BBB)(5, 6).
Nevertheless, whether brain presence of SARS-CoV-2 viral particles and/or its products is a
crucial event for the development of cognitive impairment in post-COVID patients remains
unknown.

SARS-CoV-2 spike (S) protein plays a pivotal role in COVID-19 pathogenesis and is the
main target for vaccine development. This viral surface protein is a homotrimer composed of two
functional domains, also known as subunits (S1 and S2), as they are generated by proteolytic
cleavage of S protein after virus binding to enzyme 2 angiotensin-converting (ACE2), which
mediates cell entry(7). During SARS-CoV-2 infection, cells produce and release variable amounts
of viral particles and proteins, including the S protein(7, 8). The S1 was shown to cross the BBB,
reaching different memory-related regions of the brain in a mouse model of SARS-CoV-2
infection(9). Inflammation and increased BBB permeability were also shown in in vitro models of
S1 exposure(10). Likewise, the protein was detected in the central nervous system (CNS) of
COVID-19 patients, irrespective of viral RNA detection(11, 12). In addition, increased levels of
proinflammatory cytokines and brain gliosis have been reported in severe COVID-19 patients(13,
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92 14). Nonetheless, proof concerning the acute and chronic impact of S protein on COVID-19 brain
93  dysfunction and its underlying mechanisms are still lacking.
94 Most experimental studies investigating the effects of SARS-CoV-2 have focused on acute
95 infection, especially on peripheral tissues. Few studies have used experimental models to evaluate
96 the possible mechanism of post-COVID syndrome. Here, we developed a mouse model of
97  intracerebroventricular (icv) of S exposure to understand the role of this protein in late cognitive
98  impairment after viral infection. Here, we infused S protein in the brains of mice and performed a
99  long-term (45 days) follow-up of the behavioral, neuropathological, and molecular consequences.
100  We report late cognitive impairment, synapse loss, and microglial engulfment of presynaptic
101 terminals after icv infusion of S protein. Early TLR4 blockage prevented S-associated detrimental
102  effects on synapse and memory. We also demonstrated that the single nucleotide polymorphism
103 (SNP) rs10759931, linked with increased TLR4 expression is associated with long-term cognitive
104  impairment in mild COVID-19-recovered patients. Collectively, these findings show that S protein
105  impacts the mouse CNS, independent of virus infection, and identify TLR4 as a key mediator and
106  interesting target to investigate the long-term cognitive dysfunction both in humans and rodents.
107
108 RESULTS
109  SARS-CoV-2 spike protein induces long-term cognitive impairment and synapse loss in mice
110 COVID-19 is associated with long-term cognitive dysfunction(2). To evaluate whether
111 SARS-CoV-2 spike protein induces behavioral changes, we infused the protein into mouse brains
112 through icv route. The experiments were performed in two different timeframes: “early and “late”
113 phases, corresponding to assessments performed within the first 7 days and between 30 and 45
114  days after S protein infusion, respectively (Fig. 1A). Animals were submitted to behavioral tests
115  or culled to collect brain or blood samples at different time points after infusion (Fig. 1A). To
116  evaluate the effect of S protein infusion on declarative memory, mice were evaluated using the
117 novel object recognition (NOR) test(15). Vehicle-infused mice (Veh) were able to perform the
118 NOR task as demonstrated by a longer exploration of the novel object over the familiar one (Fig.
119  1B-D, white bars). The S protein had no impact on memory function in the early phase after brain
120  infusion (Fig. 1B, gray bars), while in later time points infused mice failed to recognize the novel
121 object (Fig. 1C-D, black bars). In order to rule out the possibility that changes in motivation, motor
122 function and/or anxiety levels eventually induced by S protein infusion were influencing NOR
123 interpretation, mice were submitted to the rotarod and open field tests. Both S protein- and Veh-
124  infused groups showed similar innate preferences for the objects in the NOR memory test
125  (Supplementary Fig. 1A-C), similar motivation towards object exploration in the NOR sessions
126 (Supplementary Fig. 1D-F) and performed similarly in the rotarod (Fig. 1E) and open field tests
127 (Fig. 1F-G).
128 Late cognitive dysfunction induced by S protein infusion was confirmed by the Morris
129  Water Maze (MWM) test, a task widely used to assess spatial memory in rodents(16). Mice infused
130  with S protein showed higher latency time to find the submerged platform in sessions 3 and 4 of
131  MWM training, when compared to control mice (Fig. 1H). Also, S protein-infused mice showed
132 reduced memory retention, as indicated by the decreased time spent by these animals in the target
133 quadrant during the probe trial (Fig. 1I). No difference in the swimming speed (Supplementary
134  Fig. 1G) or distance traveled (Supplementary Fig. 1H) were found between groups during the test
135  session.
136 Synapse loss is strongly correlated to the cognitive decline observed in neurodegenerative
137 diseases(17). Thus, we next investigated whether S protein induces synapse damage in the mouse
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138 hippocampus, a brain region critical for memory consolidation. S protein-infused mice did not
139  show changes in synaptic density at the early stages, as demonstrated by the similar
140  immunostaining for synaptophysin (SYP) and Homer-1 (pre- and postsynaptic markers,
141 respectively) compared with the control group (Fig. 1J-M). Equivalent results were also found for
142  the colocalization of these synaptic markers, which indicates no changes in synaptic density (Fig.
143 1J-K, N). In contrast, decreased SYP immunostaining and synaptic puncta were observed longer
144  periods after S protein infusion (Fig. 10-S), indicating that spike-induced cognitive dysfunction
145  (shown in Figs. 1D, H, I) displays temporal correlation with hippocampal synapse damage (Fig.
146 10-S). Collectively, these data suggest that a single brain infusion of S protein induces late
147  synaptic loss and cognitive dysfunction, mimicking the post-COVID syndrome (2, 3).

148

149  SARS-CoV-2 spike protein triggers late neuroinflammation in mice

150 Neurodegeneration associated with viral brain infections can be mediated either by direct
151 neuronal injury or by neuroinflammation(18). To advance in the understanding of the genuine
152 impact of SP on neurons, cultured primary cortical neurons were incubated with S protein for 24
153 h. Neuron exposure to S protein did not affect neuron morphology (Supplementary Fig. 2A-E),
154  once the percent of pyknotic nuclei (Supplementary Fig. 2C), number of primary neurites
155  (Supplementary Fig. 2D) and intensity of f3-tubulin immunostaining (Supplementary Fig. 2E)
156 were similar for vehicle- and S protein-incubated neurons. Also, S protein incubation also had no
157  effect on the neuronal synaptic density and puncta (Supplementary Fig. 2F-J), suggesting that
158  neurons are not directly affected by S protein.

159 Microglia is the primary innate immune cell of the brain and plays a critical role in
160  neuroinflammation-induced cognitive dysfunction(19). To further understand the impact of spike
161  protein on microglial activation, mouse microglia BV-2 cell lineages were incubated with S protein
162  for 24h. We found that S protein stimulation increased Iba-1 immunoreactivity (Supplementary
163  Fig. 2K-M) and upregulated TNF, INF-p and IL-6 expression (Supplementary Fig. 2N-P), without
164  affecting IL-1p and IFNAR2 (Supplementary Fig. 2Q-R). To evaluate the time course of the in
165  vivo activation of microglia, we analyzed cellular features and cytokine production in our mouse
166  model. We found that at the early stage after icv. injection of S protein neither changed the number
167 and morphology of microglia (Fig. 2A-D) nor increased the levels of TNF-a, IL-1p, IL-6, INF-$
168  and IFNAR1 (Fig. 2E-1). In contrast, the levels of IFNAR2 mRNA decreased significantly at the
169  same time point after S protein infusion (Fig. 2J). Notably, assessments performed late after
170  revealed an increased number of Iba-1-positive cells (Fig. 2K-M) and a predominance of cells with
171 ameboid morphology in the hippocampus (Fig. 2K, L, N), suggestive of microglial cells in a
172  reactive state. However, no differences in GFAP immunoreactivity were detected in S protein-
173 infused mice when compared to the control group (Supplementary Fig. 3A-C). The level and/or
174  expression of the proinflammatory cytokines TNF, IL-1B, IFNa and IFNf (Fig. 20-S) and the
175  receptor IFNAR2 (Fig. 2T) were higher in the hippocampus of S protein brain infused mice at this
176  time point. Hippocampal expression of IL-6 and IFN-y cytokines and the receptor IFNAR1 were
177 unaffected by S protein infusion (Supplementary Fig. 3D-F). Altogether, our results indicate that
178  the cognitive impairment induced by S protein is accompanied by microglial activation and
179  neuroinflammation.

180

181

182
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183  SARS-CoV-2 spike protein induces Clg-mediated synaptic phagocytosis by microglia in
184  mice

185 Synaptic phagocytosis (or synaptic pruning) by microglia was shown to underlie cognitive
186  dysfunction in dementia and in viral encephalitis(17, 20). We therefore evaluated whether synaptic
187  phagocytosis by microglia mediates S protein-induced synapse damage. Hippocampal three-
188  dimensional image reconstructions of Iba-1-positive cells from S protein-infused mice showed
189 increased SYP-positive terminals inside phagocytic cells (Fig. 3A-D). The complement
190  component 1q (C1q) protein is known to be involved in the initial tagging of synapses, preceding
191  synaptic engulfment by microglial cells(21). Accordingly, we found that C1q was significantly
192  upregulated in the brains of mice late (but not early) after S protein infusion (Fig. 3E, F). This
193  finding led us to investigate whether or not the blockage of soluble C1q, using a neutralizing
194  antibody, could restore cognitive function in S protein-infused mice. For this, the animals were
195 treated by icv. route with a neutralizing C1q antibody immediately after S protein infusion and
196  twice a week for 30 days (Fig. 3G). Remarkably, C1qg blockage rescued memory impairment in S
197  protein-infused mice (Fig. 3H), without any effect on locomotion (Fig. 31) or exploration
198  (Supplementary Fig. 4A, B). As seen for many viral encephalitis, these data suggest that C1g-
199  mediated microglial phagocytosis underlie long-term cognitive dysfunction induced by S protein.
200

201  TLR-4 mediates cognitive dysfunction induced by SARS-CoV-2 spike protein

202 Recent findings have described that S protein induces toll-like receptor 4 (TLR4) activation
203 incultured immune cells(22). Additionally, TLR4 has been implicated in microglial activation and
204  cognitive dysfunction in degenerative chronic disease of CNS like Alzheimer’s disease(23). In
205  agreement with these observations, despite no changes found in TLR4 expression levels at the
206  early time point after S protein infusion (Fig. 4A), we found a late upregulation of TLR4 gene
207 (Fig. 4B) in the hippocampus of infused mice that matches the late cognitive dysfunction (shown
208  in Figs. 1C-D, H-1). To evaluate the role of TLR4 in spike-induced cognitive impairment we used
209 either a pharmacological approach or a TLR4 knockout mouse model (TLR4™). First, to
210  investigate whether activation of TLR4 is an early event that could impact cognition later on, mice
211 were treated with the TLR4 inhibitor TAK242 1h before S protein brain infusion and once a day
212 for 7 days (Fig. 4C). Remarkably, early inhibition of TLR4 greatly prevented late memory
213 dysfunction induced by S protein infusion in mice (Fig. 4D). Recent evidence has shown that high
214  plasmatic levels of Neurofilament-light chain (NFL) are correlated with poor outcome in and
215 COVID-19 patients(6, 14, 24). Then, we evaluated the NFL levels in plasma samples of control
216  and S protein-infused mice, treated or not with TAK242 (Fig. 4E). Using transgenic mice, in the
217  early phase after infusion, both WT and TLR4”- mice learned the NOR task (Supplementary Fig.
218  4C). On the other hand, when evaluated at a late time point after protein infusion, WT mice had a
219  poor performance in NOR test, while TLR4”- animals were able to execute the task (Fig. 4F). Also,
220  the absence of TLR4-mediated response in the TLR4” mice prevented the reduction of SYP-
221  positive terminals inside phagocytic cells later after S protein infusion in comparison to WT mice
222 (Fig. 4G-K). Consistent with the previous results, control experiments showed that genetic
223 (Supplementary Fig. 4D-1) or pharmacological (Supplementary Fig. 4J-L) inhibition of TLR4 had
224 no effect on locomotion or exploratory behavior. Finally, we also found reduced microgliosis (Fig.
225  4L-0) and less microglia-engulfed synapses in the hippocampus of TLR4-/- mice later after S
226  protein brain infusion (Fig. 4P-S). Together, these data suggest that TLR4 activation mediates
227  cognitive deficit and synaptic pruning induced by S protein in mice.
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228 Importantly, the early treatment with TLR4 inhibitor prevented the late neuronal damage,
229  indicating that the TLR4 pathway is central to induce neurodegeneration and long-term cognitive
230  impairment in the present model.

231

232 Single nucleotide polymorphism within TLR4 gene is associated with increased risk of
233 cognitive dysfunction after COVID-19

234 Several lines of evidence have suggested that polymorphisms in TLR4 is a risk factor for
235  developing inflammatory diseases, including sporadic Alzheimer's disease(23, 25). Thus, we
236 sought to extend our findings by investigating whether there is an association between TLR4 gene
237  variants and cognitive outcomes in COVID-19 patients. For this, 86 individuals with confirmed
238  COVID-19 diagnosis, mostly with mild disease, were included in the study sample (Fig. 4L).
239  Characteristics of the sample are displayed in Supplementary Table 1. Cognition was assessed
240  using the Symbol Digit Modalities Test (SDMT) from 1 to 16 months after the onset of COVID-
241 19 acute symptoms (Mean: 6.85 months). Of interest, nearly half of the patients evaluated (40;
242  46.51%) presented an important degree of post-COVID-19 cognitive impairment (Table 1).
243 Genotyping analysis for two different SNPs (rs10759931 and rs2737190) was performed in all
244  studied subjects. Individuals carrying the TLR4-2604G>A (rs10759931) GG homozygous
245  genotype demonstrated a significantly higher risk for developing cognitive impairment following
246 SARS-CoV-2 infection (p-value = 0.0234; OR= 1.91), while the GA genotype was associated with
247 a decreased risk (p-value = 0.0209; OR= 0.50) (Fig. 4M and Table 1). Conversely, none of the
248  TLR4-2272A>G (rs2737190) genotype variations were associated with increased susceptibility to
249  post-COVID-19 cognitive impairments (Fig.4N and Table 1). We then hypothesized that
250  polymorphisms in TLR4 gene are probably associated with altered spike-induced host immune
251 responses, increasing the risk to develop long-term cognitive deficit in genetically susceptible
252 individuals.

253
254  DISCUSSION
255 Long COVID comprises a myriad of symptoms that emerge after the acute phase of

256 infection, including psychiatric symptoms, and dementia-like cognitive dysfunction (1, 3, 4, 26—
257 28). Clinical studies have largely mapped the spectrum of neurological symptoms in post-COVID
258  patients, but do not provide significant advance in describing the molecular mechanisms that
259  trigger this condition or targets for preventive/therapeutic interventions. In contrast, studies
260  involving COVID-19 preclinical models have entirely focused on the acute impacts of viral
261 infection. Therefore, it is mandatory to develop novel tools to dissect the mechanisms underlying
262  the neurological deficits in long COVID, especially the direct effect of the virus and/or viral
263 products on the brain.

264 It has been suggested that the S protein can be released from virions(29, 30), suggesting
265  that it could directly trigger brain damage. Thus, we speculated that S plays a central role in
266 neurological dysfunctions associated with COVID-19, independently of SARS-CoV-2 replication
267 inthe brain. Previous studies demonstrated that the hippocampus is particularly vulnerable to viral
268  infections(15, 20, 31). Accordingly, brain scans of COVID-19-recovered patients showed
269  significant changes in hippocampal volume(32), an important predictor of cognitive dysfunction
270  in both normal aging and Alzheimer's disease (33, 34). Here, we developed a rodent model that
271 mimics key neurological features of long COVID through brain icv infusion of S. Using two
272 hippocampal-dependent behavioral paradigms, we found that brain exposure to S disrupts long-
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273 term mouse memory, with no early behavioral impact. To our knowledge, this animal model is the
274 first to recapitulate the late cognitive impact of COVID-19.

275 Synapse damage is a common denominator in a number of memory-related diseases(35),
276 often preceding neurodegeneration. It has been shown that neuroinvasive viruses, such as West
277 Nile virus (WNV), Borna disease virus (BDV) and Zika virus (ZIKV), are also associated with
278  synapse impairment(15, 20, 36). Likewise, we found that the late cognitive dysfunction induced
279 by S was accompanied by prominent synapse loss in mice hippocampus. Recent data have revealed
280  the upregulation of genes linked to synapse elimination in SARS-CoV-2-infected human brain
281  organoids and in post-mortem samples from COVID-19 patients(11, 37). In line, we found that
282  infusion of S into mouse brain induces a late elevation in plasma levels of NFL, an axonal
283  cytoskeleton protein recently identified as a component of pre- and postsynaptic terminals(38).
284  Plasma NFL increase can be employed as a marker of synapse loss and disease progression in
285  neurodegenerative diseases, including Alzheimer's disease(39). Remarkably, recent data showed
286  that plasma NFL levels are higher in patients with severe COVID-19 compared to healthy age-
287  matched individuals, as well as inversely correlated to the cognitive performance in COVID-19
288  patients(40, 41), reinforcing the translational potential of our model. Collectively, these findings
289  suggest that brain exposure to S induces the synapse loss and behavioral alterations typical of viral
290  encephalitis, leading to a prolonged neurological dysfunction that can persist long after recovery
291  from the infectious event.

292 Microglia are the most abundant immune cell type within the CNS and play a critical role
293 in most of the neuroinflammatory diseases (42). In viral encephalitis, microglial cells have both
294  protective and detrimental activities depending on the phase of infection(19). Previous studies
295  showed that human coronaviruses can reach the CNS and induce gliosis both in mature and
296  immature brain tissues (12, 31, 43). Here we found that microglial cell lineage BV-2 was impacted
297 by S protein, corroborating recent data showing an increase in proinflammatory mediators in S1-
298  stimulated microglia(44). Since cultured primary cortical neurons were not directly affected by S
299  stimulation, our in vitro results indicate that microglia could be seen as the main cell type affected
300 by exposure to SARS-CoV-2 S protein.

301 It is well known that viral infections are often associated with excessive activation of
302 inflammatory and immune responses, which may in turn elicit and/or accelerate brain
303  neurodegeneration(45). Here, we found that S-infused mice presented late microglial activation,
304  but not astrocyte reactivity, similar to observed in other animal models of viral encephalitis(15,
305  20). Hippocampal increased levels of proinflammatory mediators were found only at late time
306 points after S infusion, showing a temporal correlation with synaptic loss and cognitive
307  dysfunctions. Conversely, we found that the downregulation of IFNAR2 gene occurred shortly
308 after S injection, similar to what is observed in neuronal cells of post-mortem COVID-19
309  patients(11). This finding corroborates recent evidence demonstrating that SARS-CoV-2 may
310 evade innate immune through modulation of type-I IFN responses (46). Altogether, our results
311  show that brain exposure to S induces an early negative modulation of the main receptor involved
312 intype-I IFN response followed by a late proinflammatory process in the hippocampus.

313 A complement-microglial axis has emerged as one of the key triggers of synapse loss in
314  memory-related diseases(17, 21). The classical complement cascade, a central player of innate
315 immune pathogen defense, orchestrates synaptic pruning by microglia during physiological and
316  pathological conditions(47, 48). We have previously reported that hippocampal synapses are
317  phagocytosed by microglia during ZIKV brain infection, in a process dependent on Clq and
318  C3(15). Moreover, Vasek and colleagues (2016) showed hippocampal synapse loss in post-mortem
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319 samples of patients with WNV neuroinvasive disease, as well as complement-dependent
320  microglial synapse engulfment in both WNV-infected and -recovered mice(20). Accordingly, we
321 demonstrated that cognitive impairment induced by S protein is associated with hippocampal C1q
322 upregulation and microglial engulfment of presynaptic terminals. Additionally, chronic Clq
323 neutralization preserved memory function in S-infused mice, supporting the role of C1g-mediated
324  synaptic pruning as an important mediator of long COVID cognitive impairment.

325 The pattern recognition receptor TLR4 has been implicated in the neuropathology of viral
326 encephalitis classically associated with memory impairment, including those caused by WNV,
327  Japanese encephalitis virus (JEV) and BDV, as well as age-related neurodegenerative diseases(49—
328  52). Notably, in silico simulations predicted that the S protein could be recognized by the TLR4(53,
329  54), with this interaction activating the inflammatory signaling, independently of ACE2(22, 44,
330 55, 56). Accordingly, here we found that a single brain infusion of S protein induced hippocampal
331  TLR4 upregulation. To gain further insight into the role played by TLR4 in COVID-19-induced
332 brain dysfunction, we first performed the pharmacological blockage of TLR4 signal transduction
333 early after S protein brain infusion. This strategy significantly prevented the long-term cognitive
334  impairment observed in our model. Likewise, late cognitive impairment induced by S protein was
335  absent in TLR4-deficient mice, in accordance with previous findings in animal models of
336 dementia(57, 58). Remarkably, we also found that S-induced plasma NFL increase was dependent
337 on TLR4 activation, as early TLR4 inhibition mitigated changes in NFL levels. Together, our
338 findings strongly suggest that brain dysfunction in post-COVID is associated to S-induced TLR4
339  signaling in microglial cells(59, 60).

340 The engagement of complement and TLRs in signaling crosstalk has been proposed to
341  regulate immune and inflammatory responses in neurodegenerative diseases(61). Indeed, it was
342 shown that TLR4 activation induces the upregulation of complement components in the mouse
343 hippocampus (62, 63). Given the role of complement activation in synaptic pruning, we
344  hypothesized that TLR4 is the molecular switch that regulates microglial synaptic engulfment. Our
345  data showed that absence of TLR4 confers protection against S-induced microglial mediated
346 synaptic pruning, reinforcing the notion that aberrant immunity activation disrupts synaptic
347  integrity and leads to cognitive dysfunction following pathogenic insult.

348 Finally, and relevantly, we validated our preclinical findings by examining whether TLR4
349  genetic variants could be associated with poor cognitive outcome in COVID-19 patients with mild
350  disease. In a cohort of mild COVID-19 patients carrying the GG genotype of TLR4 -2604G>A
351 (rs10759931) variant, we identified a significant association between this genotype and the risk
352 for cognitive impairment after SARS-CoV-2 infection. The G allele has already been associated
353  with increased risk for different disorders with immunological basis, including cardiovascular
354  diseases(64), diabetes-associated retinopathy(65), cancer(66), and asthma(67). On the other hand,
355 the A allele can affect the binding affinity of the TLR4 promoter to transcription factors,
356 culminating in lower expression of this gene in the allele carriers(68). Taken together, our findings
357  suggest that the complex crosstalk between TLR4, complement system and neuroinflammation are
358  important events that determines the development of neurological symptoms in long COVID
359  patients.

360 There are some limitations to this study. First, despite experimental evidence
361  demonstrating that spike crosses the BBB, there is no available data on the amount of spike that
362  reaches the CNS in the course of SARS-CoV-2 infection, and additional studies are needed to
363  establish the dose-dependent effects of spike administration. This study would benefit from
364  additional approaches to set up new animal models of long COVID. Second, although our study
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365  holds translational potential, our findings are limited by the number of patients and SNPs
366  evaluated, and the absence of longitudinal assessments. Extending these investigations to a larger
367  group of patients, with varying degree of cognitive impairment, would allow to precise these first
368  findings.

369 The impact of long COVID emerges as a major public health concern, due to the high
370  prevalence of prolonged neurological symptoms among survivors. Therefore, strategies designed
371  to prevent or treat neurological long COVID symptoms constitute an unmet clinical need. Our
372 study described a new animal model that recapitulates the long-term impact of the exposure to
373  SARS-CoV-2 S protein on cognitive function. We found that S-induced cognitive impairment
374  triggers innate immunity activation through TLR4, culminating with microgliosis,
375  neuroinflammation and synaptic pruning. The translational value of our model is supported by the
376  correlation between increased plasma NFL and behavioral deficits, as well as by the association
377  between TLR4 genetic status and SARS-CoV-2 cognitive outcomes of recovered COVID-19
378  patients. Altogether, our findings open new avenues for the establishment of interventional
379  strategies towards prevention and/or treatment of the long-term brain outcomes of COVID-19.
380

381  MATERIALS AND METHODS

382
383  Study Design
384 The objective of this study was to assess the direct impact of SARS-CoV-2 S protein on

385  cognitive function, and to gain insight into the mechanisms underlying COVID-19 long-term brain
386  effects, thereby identifying new avenues for therapeutic intervention. Dissection of the underlying
387 mechanisms was performed using gPCR, ELISA, SIMOA, behavioral, and immunohistochemical
388  approaches in mice subjected to pharmacological inhibition of C1q or TLR4, with the role of TLR4
389  being confirmed using a knockout mouse line. Additionally, the direct impact of spike in different
390  brain cell types was assessed using murine BV-2, and primary neuronal cortical cell cultures.
391  Finally, to support the translational relevance of our results, we investigated two TLR4 SNPs in a
392  cohort of recovered COVID-19 patients with cognitive impairment(15, 69-71). Further details of
393  the study are provided in the corresponding sections of the Supplementary Materials.

394

395  Data analysis

396 The software Prism v8 (GraphPad) was used for all statistical tests, and values of p < 0.05
397  were considered statistically significant. Student’s t-test was applied to analyze gPCR, ELISA, and
398  immunohistochemical data. For NOR experiments, data were analyzed using a one-sample
399  Student’s t-test compared to a fixed value of 50%. MWM and NFL measurements were analyzed
400 using repeated measures or one-way ANOVA followed by Tukey's test, respectively. Allelic
401 frequencies were determined by direct count of the alleles. Genotypic distributions in Hardy—
402 Weinberg equilibrium were evaluated by two-tailed y?-test. The significant differences in allelic
403 and genotypic frequencies were evaluated by Fisher’s exact test and two-tailed y-test.

404

405  List of Supplementary Materials

406  Materials and Methods

407  Fig. S1 Controls of behavioral tests and serological analyses.

408  Fig. S2 Microglial and neuronal culture.

409  Fig. S3 GFAP immunohistochemistry and gPCR analysis.

410  Fig. S4 Controls of behavioral tests.
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411  Table S1. Participant demographics of the study sample.

412 Table S2: List of primers used in gPCR analyses.

413
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717

718  Figure 1. Spike protein causes synapse damage and memory impairment in mice. (A) Mice
719 received an i.c.v. infusion of 6,5 pug of SARS-CoV-2 spike protein (Spike), or vehicle (Veh), and
720  were evaluated at early (up to 7 days) or late time points (from 30 to 45 days) after the infusion
721 using behavioral and molecular approaches. (B to D) Mice were tested in the novel object
722 recognition (NOR) test at 6 days (B t=2.626, *p =0.0304 for Veh; and t=3.218, *p=0.0104, for
723 Spike), 30 days (C t=5.099, *p =0.0014 for Veh), and 45 days after protein infusion (D t=5,122,
724 *p=0.0014, for Veh); one-sample Student’s t-test compared to the chance level of 50% (N = 8-10
725 mice per group). (E) Mice were tested in the Rotarod task at early and late (N =9 mice per group).
726 (F)Time spent at the center of the open field arena at early or late stages of the model (N = 8-10
727 mice per group). (G) Total distance traveled of the open field arena at early or late (N = 8-10 mice
728  per group). (H to I)Escape latencies across 4 consecutive training trials (H) and time spent in the
729  target quadrant during the probe trial (1) of the MWM test performed at the late stage (H F3, 45) =
730  2.857,*p =0.0475, repeated measures ANOVA followed by Tukey's test; | t =2.211, *p = 0.0442,
731 Student’s t-test; N = 7-9 mice per group). Representative images of the DG hippocampal region of
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Veh- (J,0) or Spike-infused mice (K, P) in the early (J, K) and late (O, P) stages of the model,
immunolabeled for Homerl (red) and synaptophysin (SYP; green). (L to N, G to S) Number of
puncta for Homer-1 (L, Q), SYP (M, R), and colocalized Homer-1/SYP puncta (N, S) in the early
(L to N) and late (Q to S) stages of the model. (R t = 3.400, *p = 0.0273; s t = 4.204, *p = 0.0137,
Student’s t-test; N = 3-4 mice per group). Scale bar = 20 um. Symbols represent individual mice.
Bars (B to G; I; L to N; Q to S) or points (H) represent means + SEM. OD: optical density; IHC:
immunohistochemistry; NOR: Novel object recognition.
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Figure 2 Spike protein induces cytokine upregulation in cultured microglia and triggers
delayed brain inflammation and microgliosis in mice. a-t, Mice received an i.c.v. infusion of
6,5 ng of Spike or vehicle (Veh), and were evaluated at early (a-j, 3 days) or late time points (k-t,
45 days). Representative images of Iba-1 immunostaining in the DG hippocampal region of Veh-
(a, k) or Spike-infused mice (b, I) in the early (a, b) and late (k, I) stages of the model. Scale bar
=25 um, inset scale bar = 10 um. ¢, m, Iba-1 positive cells in the hippocampi of VVeh- or Spike-
infused mice in the early (c) and late (m t = 4.086; *p = 0.0035, Student’s t-test) stages of the
model (N =4-5 mice per group). d, n, Quantifications of the proportion of each Iba-1-positive cells
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748 morphological type in Veh- or Spike-infused mice evaluated in the in the early and late (nt =
749 6.388; *p=0.0002 for Type I; t = 4.458; *p = 0.0021 for Type IlI; t =5.513; *p =0.0006 for Type
750  1V; t =8.384; *p < 0.0001 for Type V, Student’s t-test) stages of the model (N = 4-5 mice per
751 group). e-J, gPCR analysis of indicated mMRNA isolated from the hippocampus in the early stage
752 of the model. IFNRA2 (j t=4.413, *p=0.0031) (N = 4-5 mice per group). o-t, Hippocampal
753 proinflammatory mediators in VVeh- or Spike-infused mice in the late stage of the model. TNF
754  mRNA (o0 t=3.189; *p = 0.0110) and protein (p t=2.885; *p =0.0180) levels. IL-1p mRNA (q
755  t=3.322; *p = 0.0089) and protein (r t=3.583; *p =0.0116) levels. s-t MRNA levels of IFN-B (s
756 t=3.713, *p=0.013) and IFNAR2 (t t=3.743; *p=0.0046). Student’s t-test (N = 4-6 mice per
757 group). Symbols represent individual mice, and bars represent means + SEM.
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761  Figure 3: C1q neutralization prevents spike-induced memory impairment in mice. Mice
762  received an i.c.v. infusion of 6,5 pug of SARS-CoV-2 spike protein (Spike), or vehicle (Veh), and
763  were evaluated at early (3 days) or late time points (45 days). (A to B) Representative images of
764  microglia (Iba-1%, green) engulfing pre-synaptic terminals immunolabeled for synaptophysin
765  (SYP, red) in the DG hippocampal region of Veh- (A) or Spike-infused mice (B) in the late stage
766 of the model. Scale bar = 25 um, inset scale bar = 10 um. (C to D) Quantification of microglia-
767 SYP colocalization in CA3 (C t = 2.949, *p = 0.0214), and DG (D t = 2.271, *p = 0.0574)
768  hippocampal regions. Student’s t-test; (N = 4-5 mice per group). (E to F) C1qg mRNA expression
769  in hippocampi of Veh- or Spike-infused mice at early (E) or late time points (F t = 2.425, *p =
770 0.0383, Student’s t-test; (N = 4-6 mice per group). (G) Mice received an i.c.v. infusion of 6,5 pg
771 of Spike, were treated with Veh or 0.3 ug anti-C1q antibody (a-C1q; i.c.v., twice a week, for 30
772 days), followed by novel object recognition (NOR) testing (H t=3.438, *p=0.0138 for Spike/a-
773 C1q; one-sample Student’s t-test compared to the chance level of 50%). (1) Total distance traveled
774 of the open field arena at late (N = 7-8 mice per group).
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777 Figure 4: TLR4 mediates spike-induced memory impairment in mice and is associated with
778  post-COVID cognitive impairment in a human cohort. a, b, Mice received an i.c.v. infusion of
779 6,5 ng of SARS-CoV-2 spike protein (Spike), or vehicle (Veh), and TLR4 mRNA levels in the
780  hippocampi of Veh- or Spike-infused mice were evaluated at early (a; 3 days) or late (b, 45 days,
781 t = 3.229, *p = 0.0103, Student’s t-test) time points (N = 4-6 mice per group). ¢, Swiss mice
782  received an i.c.v. infusion of 6,5 pg of Spike and were treated with VVeh or the TLR4 antagonist
783  TAK-242 (2 mg/kg, once daily for 7 days, i.p.), and were tested in the late stage of the model in
784  the novel object recognition (NOR) test (d t = 2.713, *p=0.0301 for Spike/TAK-242; one-sample
785  Student’s t-test compared to the chance level of 50%, N = 8-9 mice per group). e Plasma NfL levels
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786  evaluated in the late stage of the Spike infusion model (F = 6.329, *p = 0.0133, one-way ANOVA
787  test, followed by Tukey's test (N = 4-6 mice per group). f, Wild-type (WT) and TLR4 knockout
788 (TLR4™) mice received an icv infusion of 6,5 ug of SARS-CoV-2 spike protein (Spike) and were
789  tested in the novel object recognition (NOR) test in the late stage of the model (f t = 2.744, *p =
790  0.0336). One-sample Student’s t-test compared to the chance level of 50%, N = 7 mice per group).
791 g, h, Representative images of the DG hippocampal region of WT/Spike (g) or TLR4”/Spike (h)
792  mice immunolabeled for Homerl (red) and synaptophysin (SYP; green). Scale bar = 20 pum.
793 Number of puncta for Homer-1 (i), SYP (j), and colocalized Homer-1/SYP puncta (k t = 2.945,
794  *p = 0.0258; Student’s t-test; N = 4 mice per group). I, m, Representative images of Iba-1
795  immunolabeling in the DG hippocampal region of WT (I) or TLR4” (m) mice infused with Spike.
796  Scale bar = 25 um, inset scale bar = 10 um. Iba-1 positive cells in the CA3 (nt = 4.242; *p =
797 0.0038) and DG (0 t = 5.088; *p = 0.0014) hippocampal regions of WT or TLR4” mice infused
798  with Spike. p, g, Representative images of microglia (Iba-1*, green) engulfing pre-synaptic
799  terminals immunolabeled for synaptophysin (SYP, red) in the DG hippocampal region of WT (p)
800 or TLR4” (q) mice infused with Spike. Scale bar = 50 um, inset scale bar = 10 um. r, s,
801  Quantification of microglia-SYP colocalization in CA3 (r t = 2.200, *p = 0.0637), and DG (s t =
802  4.012, *p = 0.0051) hippocampal regions. Student’s t-test; (N = 4-5 mice per group). Symbols
803  represent individual mice, and bars represent means + SEM. t, Pipeline to analyze the impact of
804  TLR4 variants in cognitive status of Post-COVID patients. u, v, Forest plots showing odds ratio
805  and 95% confidence interval for risk of cognitive impairment post-COVID-19 by genotype for
806  SNPs TLR4 - 2604G>A (rs10759931; u) and TLR4 —2272A>G (rs2737190; v). Each square
807  represents the odds ratio for each genotype, and each horizontal line shows the 95% confidence

808 interval.
809
810

811

812  Tables
813  Table 1. TLR4 rs10759931 and rs2737190 genotype distribution in patients with or without
814  cognitive deficit following COVID-19.

815
Cognitiv
TLR4 - N e No. i OR (95% Cl)
2604G>A (86) Deficit Cognitive value
icit (O
(rs10759931) (%) Deficit (%0)

0.0234 1.91 (1.083 to

GG 40 22(55) 18(39) . 3.301)
0.0209 0.50 (0.287 to

GA 35 13(32) 22(48) - 0.920)
>0,999 1.00 (0.435to

AA 11 5(13) 6(13) 9 2.294)

MAF (A) 0.33

TLR4 -2272 N Cognitive No

A>G (83) Deficit Cognitive P- OR (95% CI)

(rs2737190) (%) Deficit (%) value
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AA 30 14(37) 16(36) 08832 104 (059410

1.836)
AG 3B 16(42)  19(42) g 1'01(07'25)1 °
GG 18 8(21) 10(22) 08633 0.941(3_2g3 to
MAF (G) 0.43

MAF= minor allele frequency; OR = odds ratio; CI = confidence interval. Data analyzed by y2-
test (two-tailed). “Statistical significance (P<0.05). The reference group in each of the analyses
was the most prevalent genotype.
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