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Abstract

Amid the coronavirus disease 2019 (COVID-19) pandemic, massive immunization campaigns
became the most promising public health measure. During clinical trials, certain neurological
adverse effects following immunization (AEFIs) were observed; however, acceptable safety
profiles lead to emergency authorization for the distribution and use of the vaccines. To
contribute to pharmacovigilance and lessen the potential negative impact that vaccine
hesitancy would have on immunization programs, we conducted a review of the scientific
literature concerning the epidemiological data, clinical presentation, and potential
mechanisms of these neurological AEFIs. There is some epidemiological evidence linking
COVID-19 vaccines to cerebral venous sinus thrombosis, arterial ischemic stroke, convulsive
disorder, Guillain-Barré syndrome, facial nerve palsy, and other neurological conditions.
Cerebral venous sinus thrombosis has been associated with a thrombotic thrombocytopenia
induced by the vaccine, similar to that induced by heparin, which suggests similar pathogenic
mechanisms (likely involving antibodies against platelet factor 4, a chemokine released from
activated platelets). Arterial ischemic stroke is another thrombotic condition observed among
some COVID-19 vaccine recipients. Vaccine-induced convulsive disorder might be the result
of structural abnormalities potentially caused by the vaccine or autoimmune mechanisms.
Guillain-Barré syndrome and facial nerve palsy may also be linked to the immunization event,
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patients (e.g. vaccinated versus non-vaccinated) and compared the occurrence of these
events between them. We found that after the administration of a certain type of vaccine
(e.g. ChAdOx1-S/Oxford, AstraZeneca vaccine), serious neurological complications were
rare, with abnormal clot formation involving cerebral blood vessels being one of the most
important among them. Nonetheless, other conditions have been observed after the
administration of the vaccines; however, it is not certain yet if the vaccines are the actual
cause of these complications.

There are some hypotheses that could explain why these adverse reactions take place
after a vaccine. For instance, an abnormal immune response to the vaccine leads to the
production of antibodies [i.e. proteins made by the immune system in response to the
presence of a foreign substance). These antibodies trigger a response that could eventually
result in clot formation. Besides, the immune response can also produce other adverse
effects, including convulsive disorder, Guillain-Barré syndrome, and facial nerve palsy.

Scientific evidence suggests that vaccines are safe overall. While mild complications,
such as pain at the site of injection or bruising might occur, more serious events remain
rare. Furthermore, the complications derived from COVID-19 are far more likely in non-
vaccinated individuals than the complications associated with the vaccine. Thus, vaccination
continues to be the safest and most effective strategy to control the ongoing pandemic.
However, both health professionals and the public should be aware of the possibility of
serious neurological adverse reactions occurring after vaccination to allow early diagnosis

and treatment.
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Introduction

Vaccines are one of the most effective approaches
for preventing infectious diseases and have helped
eradicate conditions, such as smallpox and reduce
the incidence of several other infections.! The out-
break of the coronavirus disease 2019 (COVID-
19) pandemic, which has infected and killed
millions of people, imposed an urgent need for
vaccines. As a result, multiple vaccines against the
severe acute respiratory syndrome coronavirus 2
(SARS- CoV-2), the virus that causes COVID-19,
have been developed in record time and billions of
people have been immunized all around the globe.
Different platforms have been used for COVID-19
vaccines that are currently being administered,
such as replication-deficient viral vectors (e.g.
ChAdOx1-S developed by Oxford/AstraZeneca,
Jcovden Ad26.COV2.S developed by Janssen,
Gam-COVID-Vac or rAd26-rAd25 developed by
Gamaleya, and Ad5-nCoV developed by CanSino),
inactivated viruses (e.g. CoronaVac developed by
Sinovac), and novel mRNA-based vaccines (e.g.
BNT162b2 developed by Pfizer/BioNTech and
mRNA-1273 developed by Moderna).?

Adverse effects of COVID-19 vaccines are mild
in most cases, consisting of local reaction in the
site of injection and/or minor systemic effects like
fatigue or headache. These are most likely the
result of the initial immune response, character-
ized by the production of antiviral cytokines, par-
ticularly interferons.?> On the other hand, severe
COVID-19 vaccine adverse reactions, such as
anaphylaxis, are rare. Although uncommon, there
are reports of neurological complications follow-
ing vaccination against SARS-CoV-2 in some
people.? Here, we aim to review the evidence
regarding serious neurological adverse effects of
COVID-19 vaccines, including epidemiological
studies and experimental evidence that sheds
light on the potential mechanisms.

Methods

We present a narrative review of the literature
regarding the serious neurological complications
of COVID-19 vaccines. We searched interna-
tional biomedical journal databases, such as
MEDLINE (PubMed) wusing the following
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Medical Subject Headings (MeSH) terms and
their synonyms: (‘adverse effects’ OR ‘Drug-
Related Side Effects and Adverse Reactions’)
AND ‘COVID-19 Vaccines’ AND (‘Neurologic
Manifestations’ OR ‘Nervous System’). This
search included evidence published until August
2022. To identify potential additional studies for
inclusion, we manually looked up the references
of the articles found by the search strategy
described above. Three reviewers screened the
identified records based on title and abstract and
then selected those to be included in this review
based on the full text. A fourth reviewer was con-
sulted in cases in which eligibility was unclear.
After that, three researchers extracted the relevant
information from the selected articles. Any dis-
crepancies or missing information were resolved
by consensus.

Cerebral venous sinus thrombosis

Following the Food and Drug Administration
(FDA) emergency use authorization for COVID-
19 vaccines and the rapid onset of immunization
campaigns around the world, a concerning num-
ber of adverse effects following immunization
(AEFI) cases arose. For instance, a Mexican
study reported an AEFI rate of 0.5% among
BNT162b2 recipients, of which only 0.005%
were serious AEFI* (Most (90.9-97%) of the
Vaccine Adverse Event Reporting System
(VAERS) reports were classified as nonserious
events.>°

Particularly, the scientific community focused on
the emerging cases of a rare hematological syn-
drome with a clinical presentation similar to hep-
arin-induced  thrombotic  thrombocytopenia
(HITT). These thrombotic events and the
accompanying thrombocytopenia in recently vac-
cinated individuals would soon be named vac-
cine-induced thrombotic thrombocytopenia
(VITT).” VITT is a consumption coagulopathy
that can present with cerebral venous sinus
thrombosis (CVST) and/or splanchnic thrombo-
sis.8-11 Although these complications imply sig-
nificant risk per se, the fact that VITT might be
associated with CVST increases its fatal potential
and the clinician’s concerns.

Aiming to determine whether the risk—benefit
ratio is affected by this AEFI, epidemiological
studies have been carried out. A population-based
cohort study compared the rate of thrombotic

events between the recipients of the ChAdOx1-S
vaccine and the general population. A higher-
than-expected rate of CVST was detected in the
immunized cohort: 11 excess venous thrombo-
embolic events, including 2.5 excess CVST per
100,000 vaccinations. Furthermore, a 20.25
[95% confidence interval (CI): 8.14-41.73]
standardized morbidity ratio for CVST was
obtained.!? Based on the results, CVST could be
considered a rarely occurring complication of
ChAdOx1-S and potentially other adenoviral vec-
tor vaccines (e.g. Ad26.COV2.S, rAd26-rAd2,
and Ad5-nCoV). Although results are based on a
true population study, interpretation should be
cautious because there is not sufficient evidence
to determine whether a specificity criterion (i.e.
that the vaccine is the only cause of the event) is
met.!3 In addition to this, the vaccinated cohort
was fundamentally composed of health care work-
ers,12 a sample that might not accurately repre-
sent the general population that is being
immunized and its risk factors, becoming a poten-
tial source of bias.

In respect to mRNA-based vaccines (i.e.
BNT162b2 or mRNA-1273), Dias erall*
reported two cases of CVST following adminis-
tration of BNT162b2. One of these patients had
iron deficiency anemia, a condition that is consid-
ered a rare cause of thrombosis by some authors.!>
In addition to that, she was taking combined oral
contraceptives, which are well-known prothrom-
botic risk factors!® and thus might have also con-
tributed to thrombogenesis in this case. However,
the common use of these medications makes their
contributory role arguable. The other patient had
been diagnosed with multiple conditions that
could have contributed to clot formation, such as
hypertension, diabetes, and dyslipidemia.l4

Furthermore, a retrospective cohort study com-
pared the absolute risk of CVST following a
COVID-19 diagnosis with the absolute risk of
CVST following immunization with an mRNA
vaccine against COVID-19. The incidence of
CVST following infection was significantly higher
than the incidence observed in the immunized
cohort [relative risk (RR) = 6.33, 95% CI: 1.87—
21.40, p = 0.00014]. The risk for thrombocyto-
penia, a cornerstone in the diagnosis of VITT, was
also compared between cohorts. An RR of 23.96
(95% CI: 21.49-26.73, p = 0.0001) supports the
fact that thrombocytopenia is significantly more
likely after the SARS-CoV-2 infection than
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following vaccination.!” This evidence contributes
to the risk—benefit analysis as it demonstrates that
infection by the SARS-CoV-2 virus implies a sig-
nificantly higher risk for CVST and thrombocyto-
penia than the potential risk associated with
vaccination. Moreover, the observed incidence of
CVST was compatible with the lowest estimate of
the baseline rate in the United States.!” These
findings suggest that mRNA vaccines are not
linked to an increased rate of CVST. However,
CVST associated with VITT is a very rare syn-
drome. However, some patients could receive an
inaccurate diagnosis and healthcare systems might
not have a strong pharmacovigilance framework,
leading to underreporting that could partially
explain the low incidence.

Considering that VITT is a recently described
clinical entity, it is necessary to elucidate the clini-
cal spectrum of vaccine-associated CVST that
enables early patient detection and further phar-
macovigilance. CVST secondary to VITT pre-
sents a wide continuum of neurological
manifestations, ranging from subtle and often dis-
regarded complaints to more alarming symptom-
atology. For instance, some patients who received
adenoviral vector vaccines, such as ChAdOx1-S
or Ad26.COV2.S vaccine presented with head-
aches but no other neurological symptoms upon
admission.!%18 Conversely, some of these patients
debut with remarkable neurological symptoms,
such as vertigo, hemianopia, aphasia, seizures,
hemiparesis, behavioral disturbances, and altered
states of consciousness.!92! Of note, there seem
to be no significant differences between the mani-
festations of CVST among patients who received
mRNA-based vaccines versus those immunized
with adenovirus-based vaccines. Persistent head-
aches, malaise, vomiting, and motor deficits were
common symptoms to CVST associated with
both vaccine technologies. 14182224

Regardless of the initial clinical presentation, a
rapid neurological deterioration could be
expected. For instance, a 32-year-old male devel-
oped thunderclap headache, left-sided incoordi-
nation, and hemiparesis 9days after the
ChAdOx1-S vaccine. In the span of 3h, his
Glasgow Coma Scale (GCS) decreased from 15
to 4, requiring intubation and ventilation; while
pupillary responses deteriorated and became
fixed and dilated. At that time, a computed
tomography (CT) scan revealed clot, significant

cortical edema, and evidence of cerebellar hernia-
tion and brainstem death.?5

In light of the above, CVST must be promptly
identified. Both clinicians and patients should
pay attention to any neurological symptoms, even
those mild, that onset particularly 48 h after the
administration of a vaccine and should be aware
of the possibility of serious neurological AEFIs.
In addition, low platelet counts should be consid-
ered as a warning sign since it is a hallmark fea-
ture of this condition. A complete hematology
profile (complete blood count, reactive C protein,
erythrocyte sedimentation rate, D-dimer, pro-
thrombin time, and partial thromboplastin time)
together with imaging studies might be enough to
determine whether the clinical findings are in line
with an expected vaccine reactogenicity or indi-
cate a serious neurologic AEFI. Patients affected
by VITT present with varying degrees of throm-
bocytopeniall:21,25-28 elevated D-dimer levels, and
low or borderline fibrinogen levels, associated in
some cases with prolonged clotting times.2%30 As
stated before, there is a possibility of rapid dete-
rioration. Therefore, further and thorough con-
tinuing clinical observation is warranted.

A detailed differential diagnosis allows a proper
assessment of alternative explanations for the
aforementioned  hematologic disturbances.
Considering that recent research has established
COVID-19 as a prothrombotic condition, poten-
tially inducing arterial and venous thrombosis,3!
an active SARS-CoV-2 infection must be ruled
out. The time of onset of symptoms and vaccine
administration should be carefully investigated,
with the aim to determine a potential temporal
association. Besides, although prothrombotic
conditions — some of them highly prevalent — can-
not fully explain the overall occurrence of CVST
in the population, several other prothrombotic
pathologies must be excluded in each case before
associating CVST with the vaccination event.

Although a temporal relationship between the
vaccination event and symptom onset has been
consistently reported, there are reasonable alter-
native etiologies and predisposing factors that
should be considered. Many patients have pre-
sented thrombotic events following vaccination,
but aside from the vaccine, they usually present
numerous pre-existing conditions that behave as
risk factors associated with clot formation. For
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instance, in a report of three cases of VITT after
the ChAdOx1-S vaccination, a 61-year-old
woman diagnosed with bilateral pulmonary embo-
lism also had a history of hypertension and a high
body mass index (38kg/m?2).32 Both obesity and
hypertension have been regarded as prothrom-
botic conditions.2%3% Along the same line, a case
of a 36-year-old female with diabetes mellitus on
oral hypoglycemic therapy was diagnosed with
CVST among other conditions.?® They attributed
the condition to the vaccine due to the temporal
relationship, however, it is important to consider
that diabetes mellitus is a disease that facilitates
clot formation.33:3% Nevertheless, CVST cases
have been reported in patients that did not present
overt prothrombotic pre-existing conditions.3?

In addition to the complete hematology profile,
clinically oriented imaging studies are an essential
component of the diagnostic workup. Several
findings have been described in patients that
developed VITT syndrome with central nervous
system (CNS) compromise. In patients with focal
neurological symptoms, there is a trend toward
the thrombotic occlusion of sigmoid and trans-
verse sinuses, as well as for the presence of hemor-
rhagic events involving the cerebellum and the
frontal region of the brain.18:21:25-27,32 Tn addition,
the thrombotic events in VITT patients can also
affect other venous sites besides the cerebral veins
(e.g. superior ophthalmic vein), as well as arteries
(resulting in concomitant arterial occlusions).!1:35

As for the treatment, several authors reported
favorable clinical outcomes in VITT patients fol-
lowing therapies that included intravenous immu-
noglobulin (IVIG).10:11,18:20 T line with this, IVIG
has been demonstrated to be effective in ceasing
platelet activation leading to a rapid platelet count
increase in patients with spontaneous HITT,
which is thought to share a common pathophysi-
ological mechanism with VITT.3¢ More specifi-
cally, spontaneous HITT is characterized by
autoimmune platelet activation induced by hepa-
rin-independent antibodies in the absence of hep-
arin exposure. This fits with our current
comprehension of the pathogenesis of VITT,
which will be expanded later on.

Regarding the mechanism of VITT secondary to
ChAdOx1-S vaccination, it seems to be triggered
by the synthesis of IgG antibodies against platelet
factor 4 (PF4). The presence of serum immune

complexes in VITT patients with a mixture of
antibody specificities similar to what is observed
in HITT patients suggested similar underlying
mechanisms in both conditions.’® In HITT,
because of the positively charged PF4 binding to
the negatively charged heparin, a PF4/heparin
complex (also called PF4/polyanion) forms as a
tetramer.37-38 In response, the immune system of
genetically predisposed patients produces anti-
bodies against PF4/heparin complexes. The frag-
ment antigen-binding (Fab) region of IgG binds
to PF4/heparin complexes, while the fragment
crystallizable (Fc) region of these antibodies binds
to Fcy receptor IIa (FcyRIla) on platelets. This
antigen—antibody-receptor interaction leads to
the expression of P-selectin on the platelet surface
and results in FcyRIIa cross-linking. As a conse-
quence, platelet activation and consumption,
together with the release of procoagulant factors
from the platelet and the endothelium itself,
might lead to thrombin formation and — poten-
tially — life-threatening thrombotic events.3237
Similarly, in VITT, antibodies against PF4 recog-
nize eight surface amino acids within its heparin-
binding site, allowing PF4 tetramers to cluster
and form immune complexes, which then activate
platelets in a FcyRIIa-dependent fashion.38

Procoagulant platelets are characterized by the
expression of activation markers; namely,
P-selectin (also called CD62 P) and phosphati-
dylserine (PS).3°* Compared with sera from
healthy controls, sera from VITT patients induced
significant changes in the distribution of CD62 P/
PS positivity in platelets from healthy donors
(p = 0.009).40 The procoagulant effect of plate-
lets is partially explained by the strictly regulated
translocation of membrane phospholipids, includ-
ing PS. Following platelet activation, the enzyme
scramblase will mediate the translocation of PS
from the inner to the outer membrane surface.
Once PS is available in the outer leaflet, it will
ease the formation of the intrinsic tenase and the
prothrombinase complexes, thus favoring throm-
bin synthesis during the propagation phase of
coagulation.?® Furthermore, P-selectin plays a
key role in the pathophysiology of thrombosis.
This transmembrane protein is found inside the
alpha granules of platelets and cellular activation
leads to its transport to the platelet cell mem-
brane. Surface-expressed P-selectin mediates
platelet-leukocyte and platelet-platelet interac-
tion, thus contributing to the formation of cellular
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aggregates, upregulation of tissue factor, and syn-
thesis of procoagulant molecules.*! Consequently,
induction of procoagulant markers such as
P-selectin and PS by anti-PF4 immunoglobulins
could presumably explain thrombotic events
observed in VITT.

Increased levels of anti-PF4 antibodies have been
identified in patients with VITT, with or without
CVST.11,18,28,32,40 Consistent with other reports,
high-titer anti-PF4 IgG was detected in the sera
of 8 out of 8 patients diagnosed with VITT fol-
lowing ChadOx1-S vaccination, five of which
exhibited clinical evidence of CVST.4 IgG bind-
ing to platelets was higher after incubation with
sera from VITT patients compared with sera
from healthy controls (p = 0.026). Stronger
binding of IgG antibodies against PF4 was also
detected in the sera of VITT patients
(p < 0.0001).40 Collectively, these results point
out that the anti-PF4 antibody-mediated platelet
activation is a likely mechanism underlying VITT
and, in turn, vaccine-related CVST.

The positive clinical response to IVIG in VITT
patients is in line with the involvement of anti-
PF4 antibodies and the FcyRIIa in the pathogen-
esis of VITT. The mechanism of action of IVIG
seems to be related to the inhibition of the FcyRIIa
receptor by monomeric IgG.42 Consistently, an in
vitro study demonstrated that platelet activation
was completely inhibited by a monoclonal anti-
body that blocks the FcyRIIa and by high doses of
IgG.40

On the other hand, among a group of 41 healthy
vaccinees, four individuals (9.8%) seroconverted
with IgG antibodies against PF4 complexes
within 14 days of vaccination. Moreover, the sera
from these patients did not induce platelet activa-
tion.%% This supports the possibility of asympto-
matic seroconversion. Taking this into account,
we could assume that a small fraction of vaccinees
seroconverts to IgG against PF4 complex, and
even a smaller fraction of such patients develops
VITT. We hypothesize that genetic factors under-
lie the susceptibility to produce antibodies against
PF4 and to develop VITT in consequence.

Furthermore, there is some experimental evi-
dence supporting the involvement of RNA splic-
ing resulting in spike protein solubilization as the
underlying mechanism of VITT associated with

vector-based vaccines (Figure 1). Following the
entry of adenoviral DNA, the gene encoding the
SARS-CoV-2 spike protein is transcribed inside
the nucleus. Subsequently, arbitrary splicing
events occur within the open reading frame of this
transcript, most — if not all — of them resulting in
shorter protein variants, disrupting the spike pro-
tein upstream of the membrane anchor, thus ren-
dering it soluble.® Most likely, when such soluble
proteins are systemically available, they bind to
angiotensin-converting enzyme 2 (ACE2) recep-
tors in the endothelial cells, while the immune
system starts to produce antibodies against this
viral protein, inducing a massive inflammatory
response, characterized by antibody-dependent
cell-mediated cytotoxicity and/or complement-
dependent cytotoxicity.® Both the endothelial
activation and the immune response would then
trigger the coagulation cascade, thus predisposing
to clot formation. Besides, the spike protein could
also disrupt the integrity of the blood—brain bar-
rier (BBB) and enhance platelet activation.*3:%4
Because of the non-unidirectional blood flow and
the lack of typical venous valves in the CNS
sinuses, the soluble spike protein stays in these
vessels for a longer period, thus raising the prob-
ability of binding to endothelial cells expressing
the ACE2 receptor. This could explain the
increased frequency of thromboembolic events in
this unusual site, compared with other regions in
the body.®

Once we have discussed the potential mecha-
nisms for VITT and CVST associated with ade-
noviral-based vaccines, it is worth contemplating
aspects regarding mRNA vaccines. Studies in
nonhuman primates have shown that mRNA-
based vaccines skew the immune response
toward a T helper (Th)1 profile, characterized
by the production of cytokines, such as inter-
feron-gamma, tumor necrosis factor (TNF), and
interleukin (IL) 2 (IL-2).45-46 Under normal cir-
cumstances, endothelial cells maintain a balance
between a thrombogenic and non-thrombogenic
state; whether thrombosis is favored or not
depends partially on available cytokines. TNF,
as well as other cytokines, favors endothelial tis-
sue factor expression,*’” which is well known for
being the main initiator of the coagulation cas-
cade. Thus, it is reasonable to hypothesize that
mRNA vaccines induce a Thl cytokine profile,
which could be linked to prothrombotic
pathways.
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Figure 1. Proposed mechanism of VITT associated with vector-based vaccines.

Created with BioRender.com.

For details, please refer to the main text. Adenoviral vectors contain DNA encoding the spike protein, which is transcribed
inside the nucleus. The resulting RNA undergoes posttranscriptional modifications, including splicing to remove introns.
Unwanted splicing events might result in a truncated spike mRNA, which is later translated to produce a spike protein
lacking the membrane anchor. This soluble spike protein would then bind to ACE2 receptors on the membrane of endothelial
cells and activate the immune system, thus resulting in inflammation, platelet activation, and - overall - a prothrombotic

state.

ACE2, angiotensin-converting enzyme 2; mRNA, messenger ribonucleic acid; ssDNA, single-stranded deoxyribonucleic acid.

Experimental evidence regarding the effects of
the SARS-CoV-2 spike protein sheds light on the
potential mechanisms underlying vaccine-associ-
ated CVST. First, the spike protein directly
affects the BBB. Electric cell-substrate imped-
ance and a three-dimensional (3D) microfluidic
model showed that the spike protein disrupts the
integrity and increases the permeability of the
BBB.4> The SARS-CoV-2 spike protein also
induces a proinflammatory phenotype in cul-
tured human brain endothelial cells, with
increased expression of adhesion molecules, pro-
inflammatory cytokines, chemokines, and matrix

metalloproteinases (MMPs).43> MMPs are endo-
peptidases thought to digest tight junction pro-
teins (i.e. claudin-1, claudin-5, occludin, and
zonula occludens-1), as well as basement mem-
brane proteins in the BBB, thus disrupting its
integrity.*® When integrity and permeability of
the BBB are altered, inflammatory cell migration
into the brain parenchyma could be favored.
Furthermore, the heightened expression of sur-
face adhesion molecules could contribute to the
inflammatory cascade and cellular aggregation
initiating prothrombotic pathways. In addition,
spike glycoprotein interaction with the ACE2
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receptor results in enhanced platelet activation,
including an increased expression of procoagu-
lant platelet markers.*

Taken together, these results point out that
mRNA-based vaccines might promote throm-
botic events by the induction of a prothrombotic
cytokine profile. Alterations in the BBB and
platelet function could also be involved. However,
more studies are needed to elucidate the potential
mechanisms of VITT associated with these
vaccines.

Arterial ischemic stroke

Besides CVST, another potential thrombotic
AEFI compromising the nervous system is arte-
rial ischemic stroke. Epidemiological data sup-
port that neurological thrombotic AEFIs are rare.
For instance, the reported incidence of acute
stroke in Mexico associated with six different vac-
cines (BNT162b2, ChAdOx1 nCov-19, Gam-
COVID-Vac, CoronaVac, Ad5-nCoV, and Ad26.
COV2-S) was 0.71 cases per 1,000,000 adminis-
tered doses.*® Additional studies are required to
determine whether VITT has a predilection — if
any, to cause venous or arterial thrombotic events.
Arterial thrombosis as a manifestation of VITT
appears to be less common than venous thrombo-
sis.50 In fact, cerebral arterial thrombosis accounts
only for 12% of ischemic events related to VITT,
compared with venous thrombosis that contrib-
utes at least with 50% of the cases.5! In contrast,
a large retrospective study found that the acute
ischemic stroke corresponded to 75% of the over-
all stroke incidence, while cerebral venous throm-
bosis was present only in 3.6% of the cases.*’
Although more robust studies are missing, it
seems that some vaccine technologies are more
prone to cause arterial ischemic events than oth-
ers. mRNA vaccines such as BNT162b2 and
Moderna are related to a higher incidence of arte-
rial events. In contrast, the proportion of arterial
versus venous ischemic events following viral vec-
tor vaccines seems to be more evenly
distributed.>?

Acute ischemic stroke observed after COVID-19
vaccines are predominantly due to large artery
atherosclerosis (34.9%), as has been reported in
Mexico- and Indonesia-based studies.4%>3
Moreover, arterial ischemic events following
immunization were predominantly reported in

females, who developed motor symptomatology
associated with anterior cerebral circulation
occlusion. For instance, a 42-year-old female
developed left hemiplegia 2 weeks after a
ChAdOx1-S dose. Imaging revealed bilateral
anterior cerebral artery (ACA) and right middle
cerebral artery (MCA) occlusion.’* Left hemipa-
resis was also de clinical manifestation in a
79-year-old male, in whom brain magnetic reso-
nance imaging (MRI) showed lacunar infarcts in
anterior circulation territories.’>  Similarly,
involvement of the proximal segment of MCA
was observed in a 51-year-old female who devel-
oped right-sided hemiplegia, hemianopia, and
global aphasia 7days after a ChAdOxI1-S
vaccine.>>

This case study is compatible with the analysis of
large retrospective studies in which almost two-
thirds of the arterial events were observed in
females,>?> almost 90% of patients presented an
anterior circulation stroke mainly involving the
MCA, and motor deficit was the most common
symptom (75%) followed by language deficits.>°

Laboratory findings in patients who developed
arterial stroke were similar to those in patients
with CVST (i.e. thrombocytopenia, high D-dimer
levels, low fibrinogen, and positive anti-PF4 IgG
antibodies).5455

These similarities suggest a common pathological
pathway related to a coagulopathy induced by the
vaccine. Nevertheless, some patients exhibit dif-
ferent paraclinical findings. For instance, a female
patient with left hemiparesis due to occlusion of
the M1 segment of the right MCA had a reduced
platelet count and elevated D-dimer levels but
negative ELISA for anti-PF4 antibodies.>°

Among patients affected by acute ischemic stroke
following immunization, pro-atherosclerotic risk
factors are common, as well as a personal history
of past ischemic strokes.53 Hence, we hypothesize
that such events could also be attributed to the
vaccine recipients’ underlying conditions, such as
hypertension, diabetes mellitus, smoking, and
dyslipidemia.53-5¢ Even so, we cannot rule out
that vaccine administration further predisposed
for such outcomes.

Despite the fact that cerebral ischemic events
have been reported all over the world, it has been
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reported that recipients of ChAdOx1-S or
BNT162b2 recipients do not show an increased
short- or long-term risk of acute ischemic stroke,
which supports the safety of COVID-19
vaccines.>%>7

Convulsive disorder

Among the adverse effects following COVID-19
vaccines, some authors reported patients present-
ing with convulsive disorder. Essentially, two eti-
ological groups can be identified: first, seizures
due to acquired structural etiologies (i.e. stroke)
in which the vaccine is suspected to be the cause;
and second, seizures secondary to an unknown
etiology (in which an autoimmune mechanism
could be hypothesized). Although temporality
points to an association with the vaccine, some of
these cases do not offer solid evidence to establish
a causal connection.

Regarding the first category, some seizures
occurred in the context of immune-related venous
thrombosis or arterial occlusion. For instance, a
55-year-old female who developed ocular and
neurological symptoms 10 days after the first dose
of the ChAdOx1-S vaccine was diagnosed with
secondary immune thrombocytopenia and bilat-
eral superior ophthalmic vein thrombosis. Despite
the treatment, she developed transient mild right-
sided hemiparesis and aphasia, followed by right-
sided focal seizures. The new-onset clinical
presentation correlated to an ischemic stroke in
the left parietal lobe, corresponding to MCA ter-
ritory.3> Similarly, another 55-year-old female
experienced transitory aphasia, right-sided hemi-
paresis, generalized seizures, and coma 10days
after receiving the first dose of ChAdOx1-S vac-
cine. Laboratory findings were compatible with
VITT, including elevated levels of antibodies
against PF4/polyanion complexes. In addition,
neuroimaging revealed occlusion of the right
internal carotid artery terminus, as well as an
obstruction of the left MCA.!! Besides, a 22-year-
old female developed self-limited generalized sei-
zures 7 days after ChAdOx1-S vaccination. She
was diagnosed with VITT associated with
CVST.1°

Focal cerebral ischemia caused by thrombosis has
been associated with metabolic dysfunction, local
ionic shifts, and the release of excitotoxic neuro-
transmitters. As a result, the membrane potential

is offset, producing a hyperexcitable state and a
lower seizure threshold.?8:5% In addition, a sizable
proportion of CVST patients present with sei-
zures.%0:61 Therefore, it is likely that seizures in
this category are not due to a direct epileptogenic
effect of immunization but secondary to CVST or
arterial occlusion probably associated with VITT.

Concerning the second category, one case that
exemplifies this phenomenon is a 42-year-old
female who presented with new-onset refractory
status epilepticus 10days after vaccination with
ChAdOx1-S, characterized by generalized tonic—
clonic seizure. She continued to experience these
seizures without improvement despite antiepilep-
tic treatment, thus requiring coma induction.
Remarkably, the patient improved after antiepi-
leptic dosage optimization, immunotherapy with
pulse steroid therapy, and plasma exchange.%?
Considering that the status epilepticus was not
febrile-related, no structural abnormalities
besides post-ictal changes were identified via
MRI, and considering that the patient resolved
upon immunotherapy, the observed neurological
manifestations might be immune-mediated.

Evidence of convulsive disorders following vec-
tor-based vaccines is restricted to case reports.
No large epidemiological studies have explored
this association so far. Regarding mRNA vac-
cines, a Mexican-based cohort study focusing on
BNT162b calculated a ratio of 0.99 seizures per
100,000 doses. In addition, the lifetime preva-
lence of epilepsy in Latin America is similar to the
prevalence observed in this study. This suggests
that mRNA-based vaccines might not be associ-
ated with a higher frequency of new-onset
seizures.*

To the extent of our knowledge, there are no
experimental studies that explore the relationship
between hyperexcitable states and COVID-19
vaccines or the mechanisms that could be respon-
sible for this association. Nevertheless, subopti-
mal therapeutic response with conventional
antiepileptics, in contrast to the observed success
of anti-inflammatory medications in this setting,
suggests an involvement of the immune response
in the pathogenesis of these seizures, given a
proper exclusion of other etiologies. The immune-
mediated convulsive syndrome is the articulated
effect between infiltration by immune cells (i.e.
Th cells, B cells, neutrophils, and monocytes)
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and inflammatory mediators, and the response of
cerebral tissue resident cells.®® Trauma, stroke,
infection, or febrile status can cause neuroglial
and endothelial cell activation. As a result, proin-
flammatory cytokines, such as IL-1p and TNF-q,
are released. The subsequent inflammatory cas-
cade increases intracellular calcium currents and
provokes ion channel dysregulation, triggering
epileptogenesis.’8:64¢ Similarly, during COVID-
19, neuronal hyperexcitability is thought to be
induced by reactive astrogliosis, activation of the
microglia, cytokine storm, and BBB dysfunc-
tion.®> However, it should be acknowledged that
the scenario of an active SARS-CoV-2 infection is
different from the post-immunization response.

Considering all this, immune-mediated epilep-
togenesis might be a plausible mechanism for the
seizures following immunization against COVID-
19. However, further experimental studies are
needed to elucidate the pathophysiology of this
vaccine-related condition. Until then, these ideas
remain speculative.

Guillain-Barré syndrome

Guillain—Barré syndrome (GBS) is an immune-
mediated polyradiculoneuropathy that occurs
after some respiratory or gastrointestinal infec-
tions. Culprit pathogens such as Campylobacter
jejuni and some viruses, such as the hepatitis E
virus, have been associated with the development
of the disease via a molecular mimicry mecha-
nism. For instance, a subset of C. jejuni has lipo-
oligosaccharides that can mimic the carbohydrate
moiety of gangliosides in peripheral nerves trig-
gering a humoral immune response that can result
in nerve dysfunction.®® GBS is often character-
ized by a rapidly progressive, symmetrical weak-
ness of the limbs, usually with hyporeflexia or
areflexia. Even though it can be self-resolving, it
could be life-threatening in certain cases, as it
causes respiratory muscle compromise.%6-67
Cerebrospinal fluid (CSF) analysis, nerve con-
duction study, as well as an MRI, are relevant for
the diagnosis. Many patients with GBS are treated
with IVIG, but some of them may require
mechanical ventilation due to respiratory failure.

GBS has an incidence of 0.81-1.89 (median:
1.11) per 100,000 person-years, being more com-
mon in men than women (ratio 3:2).% Moreover,
some rare cases have been reported following

COVID-19 vaccination, but considering that it
has life-threatening complications, such cases
have raised public concern.

In a prospective observational study from Mexico
after the first dose of BNT162b2, neurologic
adverse effects among 704,000 vaccinees were
assessed. Overall, three GBS cases (0.43 per
100,000 doses) were confirmed by clinical, labo-
ratory, and electrophysiologic studies. Notably,
all these patients had confirmed gastrointestinal
infections and were negative for COVID-19. On
the other hand, in the United Kingdom, a coun-
try with high vaccination rates, the Medicine and
Health Care Products Regulatory Agency has
reported that 491 patients developed GBS after
the ChAdOx1-S vaccine between 1 January 2021
and 30 March 2022.%8 Some reports of this syn-
drome following COVID-19 immunization
exhibit a temporal association with the vaccine
and a classical clinical picture of GBS, including
improvement upon IVIG administration in some
cases.®7:%9 However, to the best of our knowledge,
the causality of this association has not yet been
proven.

More recently, a report from surveillance data
from the Vaccine Safety Datalink of the United
States described the incidence of GBS following
administration of Ad26.COV2.S, BNT162b2, or
mRNA-1273 vaccines in 10,158,003 people
(from 13 December 2020 to 13 November 2021).
GBS was rare among those receiving these vac-
cines: GBS incidence after the mRNA vaccines
was similar to the expected background rate while
the incidence after Ad26.COV2.S was slightly
greater. The adjusted RR of GBS during the
21 days following Ad26.COV2.S was 20.56 com-
pared with mRNA vaccines (p < 0.001), corre-
sponding to 15.5 excess cases per million Ad26.
COV2.S recipients.’® Thus, there was a small but
significant increase in the risk of GBS after Ad26.
COV2.S, which is consistent with previous
reports.”! Similar to these findings, a study con-
ducted in Mexico that involved over 80 million
doses of seven COVID-19 vaccines (mRNA-
1273, BNT162b2, ChAdOx1-S, rAd26-rAd5,
Ad5-nCoV, Ad26.COV2.S, and CoronaVac)
found an overall incidence of 1.19 cases per mil-
lion administered doses, the highest incidences
were found among Ad26.COV2.Sand BNT162b2
recipients.”? Furthermore, an analysis of the
World Health Organization pharmacovigilance
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database found a frequency of 0.13% of GBS and
its variants following vaccination with either
ChAdOx1 -S, BNTI162b2, or mRNA-1273,
which was low but higher when comparing it
against the entire database.”> However, it was not
greater than the risk of GBS associated with influ-
enza vaccine.”® Overall, these data suggest that,
although the risk for GBS may be higher after
administration of certain COVID-19 vaccines, it
is still low and similar to the background risk in
most cases, therefore not surpassing the benefit of
immunization.

A case series also reported two cases of GBS after
receiving the BNT162b2 vaccine in two older
women with a history of diffuse large B-cell lym-
phoma. The Adverse Drug Reaction Probability
Scale (also called Naranjo scale) was calculated
for these cases, and a score of 7 was obtained.
Even though this is compatible with the GBS
being a probable adverse drug reaction of the vac-
cine, the B-cell dysfunction presented by the
patients is a potential predisposing factor for the
disease.”

A rare variant of GBS, characterized by bifacial
weakness with paresthesia and facial diplegia as
the only motor manifestation, has been reported
in some of the cases of this syndrome following
COVID-19  vaccination,  particularly  the
ChAdOx1-S vaccine.” Interestingly, this GBS
variant has also been described during SARS-
CoV-2 infection, which suggests an involvement
of the immune response to the spike protein. The
observed latency period (11-22days) supports
the biological plausibility of this association, con-
sidering that the maximal immune response from
vaccination is expected to occur in a similar win-
dow of time.”

GBS has been linked to certain vaccines over the
years. As mentioned before, some data indicate
an association between influenza vaccine and
GBS, but the evidence is not conclusive.®%76 GBS
secondary to the influenza vaccine is considered
an immune-mediated event. Considering that
GBS post-COVID-19 vaccination has a latency
similar to GBS post-influenza (approximately
3weeks), an immune-mediated mechanism is
also suggested for the former.”” There is no evi-
dence regarding the precise mechanisms that
underlie post-vaccination GBS. However, it is
reasonable to hypothesize a role for the

production of certain cytokines, like IL-6, IL.-12,
IL-15, and TNF-a, by macrophages and micro-
glia cells, similar to what happens during an active
SARS-CoV-2 infection.%” This cellular activation
and cytokine production can result in chronic
inflammation and brain damage. In addition, vac-
cine product-related reaction can also play a role
in vaccine-induced GBS, since certain contami-
nating proteins or other vaccine components
could cause anti-ganglioside antibody production
involved in the disease.”®

Facial nerve palsy

Facial nerve palsy (FNP) is a mononeuropathy
that has been diagnosed among COVID-19 vac-
cine recipients. Therefore, it is currently being
assessed as a possible AEFI. A similar phenome-
non occurred following influenza and meningo-
coccal vaccines, but a causal link has not yet been
established. Overall, the cause of FNP is unknown
in most cases (70% of cases), which is known as
idiopathic FNP or Bell’s palsy (BP).7®

Epidemiological studies play a key role in the
process of assessing causality; thus, a cautious
interpretation of data is essential. An FDA brief-
ing document regarding a meeting of the
Vaccines and Related Biological Products
Advisory Committee included the report of four
BP cases among the recipients of the BNT162b2
vaccine wersus none in the control group.80
Although these results raised concerns given the
imbalance of BP cases between vaccine and pla-
cebo groups, there is no certain causal relation-
ship with the vaccine because the observed
incidence in the group of vaccinees was not higher
than the expected for the general population.8?
Similarly, in the mRNA-1273 phase 3 trial, four
cases of BP were reported among 30,420 partici-
pants randomized on a 1:1 basis. It is important
to note that three of the cases were in the vaccine
arm and one of them was in the placebo arm.8! In
an Israeli case—control study, 37 patients with
new-onset acute FNP were compared with
matched controls. The study design aimed to
minimize bias by controlling for variables, such
as age, sex, and seasonality risk factors. Results
showed that there was not an increase in the
number of admissions due to FNP compared
with previous years. Accordingly, the BNT162b2
vaccine was not identified as a risk factor for FNP
in this study.®2 However, the possibility of an
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association between these vaccines and BP
should be closely monitored.

FNP is characterized by very noticeable clinical
features. The typical clinical presentation includes
sudden onset of unilateral facial paralysis and
other signs and symptoms, such as eyebrow pto-
sis, inability to close the eye, disappearance of the
nasolabial fold, and ptosis at the affected corner
of the mouth. The initial diagnostic approach
should be meticulous due that it is considered an
exclusion diagnosis and other pathologies (e.g.
GBS, herpes zoster, sarcoidosis) should be pon-
dered.8? Prior to the establishment of FNP as an
AEFI, it is necessary to consider pre-existing con-
ditions as potential triggers or risk factors leading
to the disease. Diabetes, obesity, hypertension,
pre-eclampsia, and upper respiratory disease have
been previously described as risk factors for FNP
and should be taken into consideration.”®
However, these pre-existing conditions could not
have triggered the condition by themselves in the
absence of vaccine exposure.

The aforementioned considerations are depicted
in a case series that included nine patients
reported to have new-onset acute FNP. Among
these, four patients had hypertension, a condi-
tion that could have contributed to the devel-
opment of the disease.8 Similarly, BP was
described in a 57-year-old female who had a
past medical history of three episodes of BP
and hypertension secondary to corticosteroid
administration. Interestingly, the latency periods
from vaccine administration to FNP development
described throughout the reviewed literature are
highly variable, ranging from a few hours to 30 days
after receiving a COVID-19 vaccine dose.8%85

Several hypotheses aim to explain BP secondary
to the COVID-19 vaccination: interferon pro-
duction, molecular mimicry, bystander effect,
among others. FNP has been reported as a rare
possible complication of interferon therapy.
Considering that COVID-19 vaccines, such as
BNT162b2, have been demonstrated to induce
an activation of the innate immune system,
including the production of interferons, this
mechanism is biologically plausible.8® Moreover,
molecular mimicry between vaccinal antigens
and self-antigens present in the facial nerve
could result in the production of cross-reactive
antibodies. A bystander effect, in which

self-antigens are presented at the site of the
immune response elicited by the vaccine and the
subsequent activation of dormant autoreactive
lymphocytes, would trigger an immune response
responsible for nerve inflammation.82:86

Others

Other reported neurological AEFIs are even
less frequent than the ones discussed so far.
Considering that vaccination campaigns are
still being carried out and further vaccine boost-
ers are expected to come, more AEFIs could
arise. Therefore, clinicians should remain vigi-
lant to worrisome signs and symptoms follow-
ing COVID-19 vaccination. Hereon, we
summarize some examples of rarely reported
disorders that developed after immunization
against COVID-19.

In the first place, a 51-year-old man with multi-
ple comorbidities was being treated with clozap-
ine for schizoaffective disorder. After receiving
the BNT162b2 vaccine, he presented with delir-
ium, normal pressure hydrocephalus, and a two-
fold increase in blood clozapine levels. This
adverse reaction was attributed to inflammation-
related CYP1A2 (i.e. the cytochrome enzyme
responsible for clozapine metabolism) inhibi-
tion.87 Several studies have reported a link
between inflammation and elevated levels of clo-
zapine.88 In addition, inflammatory mediators
are known to reduce CYP1A2 activity.®®
Inflammation has been proposed to block drug-
metabolizing enzymes via three mechanisms:
stimulation of transcriptional regulators, induc-
tion of nitric oxide-dependent proteasome prote-
olysis of enzymes, and epigenetic modifications
resulting in lower gene expression.’® However,
the extent of the impact of inflammation on clo-
zapine levels is not clear. Despite the temporality
and biological plausibility of this observed effect
following an mRNA-based vaccine, the patient’s
pre-existing conditions may have played a signifi-
cant role.

Other authors reported a patient with delirium
and fever without meningeal irritation or neuro-
logical focal signs, accompanied by moderate
widespread slowing on the electroencephalogram
(EEG) after receiving the first dose of the
ChAdOx1-S vaccine.?® Increased BBB permea-
bility was detected by lumbar punctures showing
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high levels of CSF protein. Initially, CSF and
serum proinflammatory cytokines, together with
serum C reactive protein, were elevated. Hence,
an exaggerated innate immune response could
have been involved in what the authors regard as
a cytokine storm-associated encephalopathy. This
condition has been linked to an immune effector
cell-associated neurotoxicity syndrome in other
circumstances, such as chimeric antigen receptor
T-cell treatments, COVID-19 infection, and
autoimmune diseases.”?

New-onset neuropathies following COVID-19
immunization are rare. In a case report, a 57-year-
old female complained of intense burning dyses-
thesias in the extremities 1week after receiving
the BN'T'162b2 vaccine. Skin punch biopsies con-
firmed multifocal small fiber neuropathy. Having
excluded other possible etiologies for the disease,
the vaccine remains as a possible trigger. Previous
reports have also described small fiber neuropa-
thy following other vaccines.®! A hypersensitivity
reaction to polyethylene glycol was considered a
possible mechanism for the pathogenesis in this
case.”?

Finally, transverse myelitis (TM) is a rare immune
spinal cord disorder often induced directly by
infection or by autoimmune responses during or
following an infection.®3 TM has been previously
linked with systemic infections and vaccinations,
as these can cause inflammation of the spinal
cord. Other relevant etiologies include multiple
sclerosis, autoimmune diseases and neuromyelitis
optica spectrum disorder.

Although this disease remains rare after vacci-
nation, some authors report cases of TM follow-
ing COVID-19 vaccines after a proper exclusion
of alternative causes, such as CNS infection or
active SARS-CoV-2 infection.?3:%¢ Although
more cases have been described in the litera-
ture, the lack of clinical information in many
cases precludes adequate causality assess-
ments.?3 During ChAdOx1-S clinical trials,
three cases were reported among a 11,636
cohort: two in the ChAdOx1-S arm and one in
the control group. However, two of these cases
(one in the ChAdOx1-S group and one in the
control group) were deemed unlikely to be
related to the administered drug.®> Nevertheless,
the occurrence of TM cases has raised concern
as it represents a very serious condition and

should be carefully evaluated, including the
exclusion of compressive and noninflammatory
causes of myelitis.

Discussion, concluding remarks, and future
perspectives

Throughout this review, we have summarized
and discussed the scientific literature regarding
neurological complications following COVID-19
vaccines. Immunization campaigns have success-
fully reduced mortality and morbidity due to
COVID-19, proving to be an effective public
health measure to battle the ongoing pandemic.
Although acceptable vaccine safety was reported
during clinical trials, public concern arose because
of numerous reports of AEFIs that emerged
around the globe. Henceforth, epidemiological
studies were carried out, some of them showing
that the risk of certain neurological AEFIs is not
higher than the risk of neurological complications
due to COVID-19 or than the basal risk of these
conditions in the general population. This under-
pins vaccine safety and should encourage the con-
tinuation of immunization campaigns as needed.
Despite several cases of these neurological AEFIs
have been reported in the literature, the overall
evidence does not support a true association in
many cases. However, this issue remains yet unre-
solved and awaits further exploration. Meanwhile,
clinicians should remain vigilant of early manifes-
tations of potentially serious neurological AEFIs,
so as to allow early diagnosis and treatment, thus
reducing the probability of long-lasting sequelae
or fatal outcomes.

While billions of people have been immunized
against COVID-19 all over the world, only a
small proportion of them develop neurological
AEFIs. It is reasonable to hypothesize that genetic
factors are responsible for an increased suscepti-
bility to these neurological complications in a
subset of individuals, while the vaccine acts as an
environmental trigger. Genetic association stud-
ies and next-generation sequencing could help
identify candidate genes for these complex traits.
However, to the best of our knowledge, no stud-
ies have yet explored the genetic basis of these
neurologic adverse reactions after COVID-19
vaccines.

Although rare, neurological complications fol-
lowing COVID-19 immunization should persist
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as a subject of pharmacovigilance and of epide-
miological and biomedical research. Once vac-
cines were authorized by several regulatory
entities, each country developed policies that pri-
oritized certain population groups (e.g. health-
care workers, vulnerable age groups). Therefore,
initial epidemiological studies were based on
samples that might not accurately represent the
entire population. Now that vaccines are mas-
sively available in most countries, larger epide-
miological studies should be carried out and
ongoing pharmacovigilance should be encour-
aged, aiming to eliminate potential sources of
bias and provide the scientific community with
more accurate frequency data for these neuro-
logical AEFTs.

Even though the precise pathophysiological mech-
anisms underlying neurological AEFIs mecha-
nisms are not fully understood, these conditions
can still be serious, life-threatening or fatal.
Clinical data suggest that anti-PF4 antibodies are
involved in the genesis of CVST after COVID-19
vaccines, similar to what occurs in HITT.
However, how these antibodies are produced in
response to the immunizing agents is not well
understood. Currently, most of the evidence that
has contributed to the elucidation of the mecha-
nisms that might underlie neurological AEFIs
comes from experimental studies focusing on the
virus and not the vaccine itself. More experimen-
tal studies are required to increase our under-
standing of the potential link between vaccination
and altered homeostasis in the nervous system.

Despite the pathophysiological similarities that
were initially contemplated between HITT and
VITT, some distinctions have been progressively
unraveled. Compared with the typical HITT,
anti-PF4/polyanion IgG titers were higher and
platelet aggregation was less dependent on phys-
iologic levels of heparin and less sensitive to
inhibition with high-dose heparin in VITT
patients.!® However, the clinical implications of
these differences are yet to be determined.
Furthermore, considering the potential rele-
vance of anti-PF4 antibodies in the pathophysi-
ology of CVST, additional clinical research
should clarify the significance of serological
screening among populations at risk. More spe-
cifically, it is worth determining if the detection
of anti-PF4 antibodies in patients with pro-
thrombotic risk factors or in those with a history

of autoimmunity has a predictive value that

would justify prophylactic measures.
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