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W) Check for updates

Vaccination in patients with kidney
failure: lessons from COVID-19

Nina Babel

Chronic kidney disease (CKD) is associated with pre-
mature ageing compared with the general population'.
This accelerated ageing process leads to alterations in the
immune system that predispose individuals to the subse-
quent development of infections, cancer, autoimmunity
and cardiovascular disease”. The high rate of morbid-
ity and mortality associated with CKD, and especially
with kidney failure, calls for urgent measures to prevent
such life-threatening complications. As a preventive
measure, vaccination has saved more lives than any
other medical intervention’. However, vaccine-induced
immune responses can vary greatly between individuals.
For example, the antibody response to the inactivated
seasonal influenza vaccine can vary up to 100-fold,
and antibody responses against conjugated pneumo-
coccal vaccines can vary up to 40-fold in the general
population®. The reasons for such enormous differ-
ences are not completely understood. Many studies have
investigated risk factors for failed immune responses
following vaccination, which include host factors such
as sex, age, genetic background, pre-existing immunity,
co-morbidities, medication and microbiota; environ-
mental factors such as geographic location, social status,
lifestyle and nutrition; and vaccine-specific factors such
as vaccine type, dose, schedule, administration route and
adjuvants’.
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Abstract | Infection is the second leading cause of death in patients with chronic kidney disease
(CKD). Adequate humoral (antibody) and cellular (T cell-driven) immunity are required to
minimize pathogen entry and promote pathogen clearance to enable infection control.
Vaccination can generate cellular and humoral immunity against specific pathogens and

is used to prevent many life-threatening infectious diseases. However, vaccination efficacy is
diminished in patients with CKD. Premature ageing of the immune system and chronic systemic
low-grade inflammation are the main causes of immune alteration in these patients. In the

case of SARS-CoV-2 infection, COVID-19 can have considerable detrimental effects in patients
with CKD, especially in those with kidney failure. COVID-19 prevention through successful
vaccination is therefore paramount in this vulnerable population. Although patients receiving
dialysis have seroconversion rates comparable to those of patients with normal kidney function,
most kidney transplant recipients could not generate humoral immunity after two doses of the
COVID-19 vaccine. Importantly, some patients who were not able to produce antibodies still
had a detectable vaccine-specific T cell response, which might be sufficient to prevent severe
COVID-19. Correlates of protection against SARS-CoV-2 have not been established for patients
with kidney failure, but they are urgently needed to enable personalized vaccination regimens.

Given their vulnerability to infection, effective vacci-
nation strategies are of paramount importance to protect
patients with CKD, especially those with kidney failure®.
Similar to their diminished immune response observed
in the context of natural infection, in general, patients
with CKD mount lower responses to vaccination than
healthy individuals’. Among patients with CKD, includ-
ing those with kidney failure, the number of vaccina-
tion non-responders is considerable, which has led to
adjustments in their vaccination regimens, especially for
vaccines against hepatitis B virus (HBV) or the HIN1
influenza A virus subtype®. The optimal vaccination
regime for several other pathogens (such as pneumo-
coccal, herpes zoster, hepatitis A or meningococcal) still
requires further evaluation. An effective SARS-CoV-2
vaccination strategy is of particular importance in these
patients, owing to the positive association between
COVID-19 severity and the grade of CKD? among these
patients; those with kidney failure experience the most
severe COVID-19 symptoms'”. Patients with kidney fail-
ure seem to mount an adequate cellular and humoral
response to natural SARS-CoV-2 infection as the
magnitude and functionality of SARS-CoV-2-specific
immunity, including the T cell and neutralizing anti-
body responses, were comparable in these patients and
individuals with normal kidney function''-'* leading to
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Key points

e Patients with chronic kidney disease (CKD) have diminished vaccination responses
owing to CKD-associated premature ageing of the immune system and chronic
systemic low-grade inflammation.

Both humoral (B cell-driven) and cellular (T cell-driven) immunity are generally
required to control infections. Antibodies are particularly efficient in preventing
viral infections, whereas T cells have a key role in viral clearance and help to prevent
severe disease.

T cell responses against the SARS-CoV-2 spike protein can be detected evenin
patients who are not able to produce antibody owing to primary or secondary
immune deficiency.

The glomerular filtration rate correlates with the severity of COVID-19 —among
patients with kidney disease, the worst COVID-19 outcomes are observed in patients
with kidney failure.

Correlates of protection against SARS-CoV-2 have not been established for patients
with kidney failure but they are urgently needed to enable personalized vaccination
regimens. Patients with absent or low responses should be identified for targeted
additional booster doses or pre-emptive therapy with monoclonal antibodies.

Vaccine responses in patients with kidney failure might also be increased through
the use of higher vaccine doses, adjuvants or intradermal vaccination; temporary

reduction of immunosuppressive drugs before vaccination might also be feasible.

high expectations for vaccination success in this vulner-
able patient cohort. However, the current phase III trials
of COVID-19 vaccines have not included patients with
kidney failure''; therefore, many questions about opti-
mal vaccination doses, boosting regimen and side effects
remain unanswered.

In this Review, we provide an overview of vaccine-
induced immunity in patients with kidney failure, with a
special focus on COVID-19 vaccine-specific immunity.
We examine COVID-19 vaccine efficacy, including vac-
cine immunogenicity and ability to prevent disease, in
patients with kidney failure compared with individuals
with normal kidney function, and in the context of data
available on responses to vaccination for other patho-
gens. We also discuss the role of the cellular and humoral
arms of the adaptive immune response and consider pos-
sible mechanisms underlying impaired vaccine-induced
immunity in patients with kidney failure, including the
effects of immunosuppression.

Adaptive immunity in natural infection

The generation of antibodies following an antigenic chal-
lenge is widely acknowledged as a central mechanism
underlying vaccine-induced protection. T cells have a
crucial role in humoral immunity by providing help to
B cells, which is required for their maturation and anti-
body production. However, less is known about the role
of other effector functions of T cells, such as direct cell
cytotoxicity, which can also be induced through vaccina-
tion. In the context of viral infections, studies on patients
with immunodeficiency demonstrated the essential role
of T cells in reducing viral load, whereas antibodies
were required to prevent viral entry into the host cells'.
In SARS-CoV-2 infections, the protective role of T cells
is evident from case studies'®"” of patients with agam-
maglobulinaemia and COVID-19. Despite their gen-
eral lack of immunoglobulins, patients with X-linked
or autosomal-recessive agammaglobulinaemia could
recover from COVID-19 without needing mechanical
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ventilation or intensive care. Similar observations were
reported for varicella zoster virus infections — the lack
of antibodies failed to protect patients against the infec-
tion but their post-infection recovery was similar to that
observed in immunocompetent individuals. By contrast,
patients with T cell deficiency developed uncontrolled
and fatal infections". These observational data suggest
the important role of B cells and antibodies for pre-
venting infection or reducing inoculum size, whereas
T cell responses might be sufficient for the clearance of
pathogens'®".

Immune alterations in CKD and kidney failure
Different factors contribute to the immune altera-
tions observed in patients with CKD, including kid-
ney failure. These factors include accelerated ageing,
kidney dysfunction-induced uraemia, oxidative stress,
intestinal permeability and metabolic disorders,
bio-incompatibility of dialysis membranes, and the use
of immunosuppressive therapies in transplant recipients
and patients with autoimmune disorders (FIC. 1).

Kidney dysfunction-induced immune impairment

In CKD, impaired excretory renal function leads to
the accumulation of solutes that would otherwise
be eliminated by healthy kidneys. Levels of these
nitrogenous substances increase as kidney excretory
function decreases, which exacerbates their toxic
effects. These uraemic toxins can be categorized into
small water-soluble compounds, middle molecules
and protein-bound molecules, according to their
physico-chemical properties. Uraemic toxins can affect
several essential immune cell functions including activa-
tion, migration, cytotoxicity and apoptosis. For example,
the small water-soluble compound phenyl acetic acid
increases the activation of leukocytes and reduces their
apoptosis, thereby promoting an inflammatory state in
uraemia’’. Another key uraemic toxin, indoxyl sulfate,
induces monocyte secretion of tumour necrosis factor
(TNF) and production of reactive oxygen species (ROS),
which promote inflammation and oxidative stress,
respectively’>”. In addition, p-cresyl sulfate enhances
phagocytosis in macrophages but decreases their ability
to present antigens to T cells, which compromises the
adaptive immune response in CKD?*.

Oxidative stress — another important immune
modulator in CKD — can be caused by disturbances
in the balance between oxidant and antioxidant mole-
cules, often owing to the excessive production of ROS
and reactive nitrogen species, and the depletion of
antioxidants”. The overproduction of ROS and reactive
nitrogen species results in the oxidation of lipids, pro-
teins and nucleic acids, which promotes the expression
of pro-inflammatory cytokines and the recruitment of
immune cells (reviewed in Duni et al.”®). In vitro studies
also demonstrated that ROS can increase TNF production
in macrophages®.

Several studies suggest that, compared with healthy
individuals, patients with CKD have increased levels
of lipopolysaccharide (LPS) endotoxin owing to an
uraemia-induced increase in intestinal permeability,
which allows endotoxin translocation from the intestinal
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lumen into the circulation (reviewed in Steiger et al.**).
LPS is a broad and potent immune stimulator of var-
ious immune cells that induces the release of several
pro-inflammatory cytokines. Paradoxically, persistent
innate immune activation induced by the prolonged
presence of low-grade levels of LPS in patients receiving
dialysis can trigger the production of immunoregula-
tory mediators such as IL-10, which suppress innate and
adaptive immunity”. This effect is similar to the ‘endo-
toxin tolerance’ or ‘immune paralysis’ that is observed in
patients with advanced sepsis or chronic infections, and
underlies impaired immunity in these patients. Such an
immune paralysis effect could impair the development
of pathogen-specific immune responses in patients with
kidney failure.

In addition to its excretory function, the kidney has
several important metabolic functions, including the
production of vitamin D and erythropoietin (EPO),
both of which can have immunomodulatory effects.
Beyond its regulation of calcium and phosphate home-
ostasis, the vitamin D metabolite calcitriol (that is, bio-
logically active 1,25-dihydroxyvitamin D) regulates the
proliferation and differentiation of immune cells. For
example, vitamin D promotes tolerogenicity of den-
dritic cells by downregulating their expression of MHC,
adhesion molecules and pro-inflammatory IL-12,
while increasing the production of anti-inflammatory
IL-10 (REFS.***). Furthermore, treatment of T cells with
vitamin D reduced the secretion of pro-inflammatory
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T helper 1 (T};1) cell mediators (for example, IL-2, IFNy
and TNF) while increasing the production of T};2 cell
cytokines (including IL-3, IL-4, IL-5 and IL-10) in sev-
eral human and animal studies>*. Thus, reduced anti-
gen presentation in combination with a shift of T cell
differentiation from a Ty1 cell to a T};2 cell profile
induced by vitamin D treatment can diminish poten-
tial tissue damage associated with T ;1 cell responses. In
addition, activated T cells exposed to vitamin D pro-
duced less pro-inflammatory IL-17 and T,;1 cytokines
and significantly increased the expression of regula-
tory T cell cell-specific genes and molecules™, sug-
gesting the induction of an anti-inflammatory T cell
phenotype. Chronic excess of parathyroid hormone in
patients with CKD patients caused by chronic stimu-
lation of the parathyroid gland by hypocalcaemia and
hyperphosphataemia can also lead to decreased T cell
activation owing to a persistent elevation of intracellu-
lar calcium®. Although calcium influx is required for
DC migration, calcium overload considerably impairs
chemokine-dependent DC migration. The resulting
impairment of DC migration into secondary lymphoid
organs can limit T cell activation®. In mice and humans,
EPO seems to have a direct inhibitory effect on effector
and memory T cells, while promoting the differentia-
tion of regulatory T cells. Available data support the idea
that EPO synthesis within the kidney has evolved as a
mechanism of peripheral immune tolerance to protect
this organ from inflammatory responses induced by

Inflammaging

<«————————> Soluble factors
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Fig. 1 | Inflammaging is a key immune alteration in kidney failure that
impairs vaccine responses. Several factors associated with kidney failure
and/or kidney replacement therapy — uraemia, intestinal permeability,
oxidative stress, erythropoietin (EPO) and vitamin D deficiency, chronic
kidney damage, bio-incompatibility of haemodialysis membranes and
immunosuppressive therapy — contribute to immune alterations in
patients. These factors interfere with processes involved in the generation
of antigen-specific immune response, including antigen uptake and
presentation by antigen-presenting cells (APCs), such as dendritic
cells and/or macrophages, and the activation and proliferation of
antigen-specific T and B cells. Moreover, the systemic changes that occur in
patients with kidney failure act on immune cells to induce the production
of the pro-inflammatory cytokines IL-1pB, TNF, IFNy, IL-6, IL-12, IL-18,
CXC-chemokine ligand 10 (CXCL10), and the complement effector

molecules C3a and C5a, while decreasing levels of anti-inflammatory
IL-10. These alterations lead to the development of chronic systemic
inflammation. In the long term, persistent immune cell activation can also
induce exhaustion, which leads to functional impairment and contributes
to premature ageing of the immune system. This process, termed
inflammaging, is considered a hallmark of immune alteration in chronic
kidney disease. Specifically, the effects of uraemia and microinflammation
on thymic tissue accelerate the age-associated reduction in the generation
of naive T cells and thus contribute to the loss of diversity in the T cell
receptor repertoire. In addition, persistent immune activation expands the
terminally differentiated effector T (T,:,) cell population. These highly
differentiated T cells contain preformed pro-inflammatory molecules, are
often self-reactive and can degranulate in response to unspecific signals,
further contributing to inflammation.
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exposure to the urinary microbiome, high concentra-
tion of non-infectious antigens and sodium (reviewed
in Cantarelli et al.**). Consequently, EPO and vitamin D
deficiency observed in CKD patients might contrib-
ute to a diminished anti-inflammatory and increased
pro-inflammatory status. Such a state of chronic inflam-
mation might impair the generation of pathogen-specific
immunity.

Treatment-induced immune impairment

Patients with CKD and kidney failure might require
treatment with immunosuppressive drugs (discussed
in more detail later) to mitigate autoimmunity-induced
tissue damage or prevent graft rejection. In addition
to the immune inhibition induced by the use of such
immunosuppressive drugs, treatments such as dialysis
can also have immunomodulatory effects. The haemo-
dialysis procedure is known to induce inflammation
and several mechanisms are involved in this process,
including bio-incompatibility issues with dialysis mem-
branes, which can affect the host immune system as
blood comes into direct contact with artificial materials
during extracorporeal circulation. Interaction with a
haemodialysis membrane can induce the activation of
peripheral blood mononuclear cells, with subsequent
production of the pro-inflammatory cytokines TNF and
IL-1f%. These cytokines can act in an autocrine manner
to enhance cell survival but TNF can also induce apop-
tosis in activated antigen-presenting cells (APCs); the
degree of apoptosis is related to the degree of membrane
bio-incompatibility”’, which is still a problem despite
improvements in dialysis membrane biocompatibility*.
In addition to these effects of contact with dialysis mem-
branes, any bacterial endotoxins that might be present
in dialysis fluids, and complement-derived anaphylatox-
ins such as C3a, can induce cell activation and secretion
of pro-inflammatory cytokines”. Of note, the cleavage of
C3 into its active fragments, C3a and C3b, can be directly
triggered by haemodialysis biomaterials*.

Premature immune ageing

The ability to mount effective immune responses to
a variety of novel pathogens depends on the presence
of naive T cells, which develop in the thymus, with a
diverse TCR repertoire*’. However, under physiologi-
cal conditions, the number of circulating naive T cells
decreases gradually after the age of 40 years owing to
age-associated thymic involution and the consequent
decrease in thymic output®. In patients with CKD, loss
of kidney function is associated with a similar loss of
TCR diversity to that observed with ageing, even at early
stages of disease’’. One study reported that the immuno-
logical age of T cells was 20-30 years higher than the
physiological age in patients with kidney failure®.
Furthermore, uraemia not only affects thymic output but
also leads to the expansion of terminally differentiated
CD4* and CD8" T cells**. These highly differentiated
T cells contain preformed pro-inflammatory molecules,
are often self-reactive and can degranulate without a
requirement for antigen-specific stimulation, therefore
strongly contributing to inflammation; these cells also
progressively lose co-stimulatory molecules that are
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important for their activation after antigen stimulation
(reviewed in Betjes*). These highly differentiated T cells,
in combination with the accumulation of uraemic toxins,
metabolic deviations, gut leakage and oxidative stress
associated with CKD, as well as the bio-incompatibility
processes during dialysis treatment, promote the over-
production of pro-inflammatory cytokines, leading to
chronic low-grade systemic inflammation in patients
with uraemia**. Of note, chronic inflammation pro-
motes premature immune system ageing and immune
cell dysfunction directly, creating a vicious circle”.
Furthermore, T cells have an increased susceptibility to
activation-induced apoptosis compared with patients
with normal kidney function®.

Vaccine-specific immunity in kidney failure
Successful vaccination depends on the ability of a vac-
cine to induce the generation of antibodies and cytotoxic
T cells that can counteract a subsequent infection. The
vaccine elicits a primary immune response, which leads
to the differentiation of memory B and T cells that ena-
ble long-term protective immunity via antigen-specific
antibody-mediated and cellular cytotoxicity follow-
ing antigen re-challenge (FIC. 2). The aforementioned
immune alterations in patients with CKD — especially
premature ageing of immune systems and low-grade
systemic inflammation®**' (FIG. 1) — interfere with
the generation of protective immunity, either in the
course of natural infection or following vaccination®,
which increases the incidence and severity of infectious
diseases in these patients®**.

COVID-19 vaccination
Antigen recognition triggers the development of an
immune response. The choice of the right antigenic epitope
is therefore crucial for vaccine immunogenicity and to
induce a sustainable vaccine-specific immune response.
During the first year of the COVID-19 pandemic, sev-
eral vaccine candidates were developed using different
platforms, which included nucleic acid (that is, DNA and
RNA), viral vector, viral-like particle, peptide, recombi-
nant protein, live-attenuated virus and inactivated virus
modalities™. Six of these vaccines have been approved
by at least one WHO-recognized authority (reviewed
in Cevik et al.**) — the mRNA vaccines BNT162b2
(Pfizer/BioNTech) and mRNA-1273 (Moderna), the
viral vector vaccines ChAdOx-1 nCoV-19 (University
of Oxford/AstraZeneca) and Ad26.COV2.S (Janssen), a
recombinant spike protein (S-protein) subunit vaccine
NVX-CoV2373 (Novavax) and an inactivated vac-
cine CoronaVac (Sinovac Biotech). Four of these vaccines
(the mRNA-and viral vector-based vaccines) have been
widely administered in most high-income countries.
The BNT162b2 and mRNA1273 vaccines are lipid
nanoparticle (LNP)-encapsulated mRNA-based vac-
cines that encode full-length S-proteins, which medi-
ates the fusion between SARS-CoV-2 particles and cell
membranes, and is therefore crucial to viral entry into
host cells”. The vaccines thus consist primarily of RNA,
water, salt, sugar and lipids®®. Notably, the LNPs in these
vaccines encapsulate the mRNA to facilitate cell entry
and prevent RNA degradation, and the mRNA was
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Fig. 2 | Generation of vaccine-specific immunity and potential
mechanisms of alteration in kidney failure. a | Impaired vaccine-induced
immunity in patients with kidney failure is multifactorial. To identify possible
underlying mechanisms of alterations, it is important to review the single
steps within the generation of vaccine-specific immune response.
Pathogen-derived proteins are taken up by antigen-presenting cells (APCs),
processed into peptides and presented on MHC molecules on the cell
surface. Adjuvants are commonly added to vaccines to promote APC
activation, thereby enhancing antigen uptake and presentation. These
compounds act as danger signals by engaging pattern recognition receptors
(PRRs). Following activation, APCs migrate to local lymph nodes where
they present their MHC—peptide complexes to T cells. Kidney disease-
induced factors such as uraemia and immunosuppressive drugs such as
corticosteroids can impair APC activation and therefore compromise
vaccine-induced immunity. b | Binding of a cognate T cell receptor (TCR) to
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an MHC-peptide complex, in combination with co-stimulatory signals
provided by binding of CD80 and/or CD86 on APCs to CD28 on T cells,
induces T cell activation. Activated CD4* T cells provide help to B cells, to
promote their differentiation into effector B cells and the production of
antibodies with high affinity for the vaccine antigens, which are key
components of humoralimmunity. Some activated B cells differentiate into
memory B cells to enable a long-term memory immune response, whereas
others become plasma cells that actively secrete antibodies. Effector CD4*
Tcellsand CD8*T cells activated by migrating APCs proliferate and produce
effector cytokines and cytotoxic molecules that contribute to the elimination
of infected cells and therefore drive cellular immunity; some of these cells
also differentiate into memory T cells. Almost every step during the
generation of immune response can be affected by immunosuppressive
drugs or factors associated with kidney failure-induced immune alterations,
such as premature ageing and low-grade inflammation.

also modified to enhance protein production while
avoiding overstimulation of immune system®*. Both
of these mRNA vaccines have been deployed through
a prime-boost approach. By contrast, the adenovirus
vectors in the ChAdOx-1 nCoV-19 and Ad26.COV2.S
vaccines carry the full-length DNA sequences for the
SARS-CoV-2 S-protein and are replication defective.
ChAdOx-1 nCoV-19 has been deployed as a prime-
boost vaccine, whereas the Ad26.COV2.S vaccine is
administered as a single inoculation of viral particles.*®
All of these vaccines are based on the SARS-CoV-2
S-protein but the membrane (M) and nucleocapsid (N)
proteins of SARS-CoV-2 are also immunogenic'>*-'.
Responses against the three SARS-CoV-2 proteins — S,
M and N — varied between individuals infected with
the virus, but in one study, the M protein induced an
immune response in patients with acute COVID-19
most frequently and elicited the highest frequencies of

CD4" T cells'>. Importantly, analysing only S-reactive
T cells to assess the presence of antiviral immunity might
lead to an underestimation; one study reported that
19% of analysed individuals had CD4" T cells that were
reactive against N protein or M protein but not against
S protein'?. These data therefore suggest that, in addi-
tion to S-protein epitopes, conserved epitopes within
the M and N proteins might be promising vaccination
targets to ensure neutralizing responses to a broad
spectrum of SARV-COV-2 variants.

COVID-19 vaccine-specific immunity in patients receiv-
ing dialysis. Several studies have analysed the efficacy
and safety of COVID-19 vaccines in patients receiving
dialysis. The data are heterogeneous, which might be
explained by differences in cohort size, co-morbidity
prevalence, control cohorts and vaccination strategy.
Although in most studies the humoral response was
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lower than that observed in control cohorts, the rate of
seroconversion and the number of patients with detect-
able S-protein-reactive T cell immunity was very high
(59-97%) (Supplementary Table 1). Of note, patients
with kidney failure who are being treated with dialy-
sis and immunosuppressive drugs (for example, with
autoimmunity-driven CKD) might have a significantly
diminished immune response following vaccination
(discussed below). A 2021 mechanistic study assessed the
humoral response to the BNT162b2 vaccine in patients
with kidney failure and found defective memory B cell dif-
ferentiation, including the generation of vaccine-specific
plasmablasts and mature memory B cells, in patients
receiving dialysis and in kidney transplant recipients®.
In this study, the frequencies of antigen-specific circulat-
ing plasmablasts correlated with the total IgG response.
This observation contrasts with data obtained from ear-
lier studies of vaccination against other pathogens, in
which IgG titres did not correlate with the frequencies
of circulating antibody-secreting cells (ASCs) and/or
plasmablasts®** owing to ASC migration to bone marrow
or inflamed tissue®.

The safety of COVID-19 vaccination does not seem to
differ between patients receiving dialysis and the general
population'>'°. Despite isolated case reports of de novo
glomerulonephritis after COVID-19 vaccination®, data
from large cohorts of patients with chronic inflamma-
tory diseases did not show an increase in the relapse rate
of these chronic inflammatory diseases®.

COVID-19 vaccine-specific immunity in kidney trans-
plant patients. In contrast to the satisfactory vaccination-
induced immunity detected in patients receiving dialysis,
the efficacy of COVID-19 vaccination in kidney trans-
plant recipients is suboptimal (Supplementary Table 1).
A meta-analysis of 27 studies on the immunogenicity
of COVID-19 vaccination in patients with kidney fail-
ure demonstrated that, after two doses of COVID-19
vaccine, kidney transplant patients had significantly
lower seropositivity (26.1%) than patients receiving
haemodialysis (84.3%) or peritoneal dialysis (92.4%),
although higher seroconversion rates among trans-
plant recipients have been reported in other studies®”.
Vaccine side effects in transplant recipients were compa-
rable with those reported in phase III studies of healthy
individuals'>'® and no donor-specific antibodies (DSA)
developed after vaccination.

Despite this low humoral response, the prevalence of
transplant recipients with detectable S-protein-reactive
T cells was comparable with that of healthy controls®.
Although the magnitude of the S-protein-specific CD4*
T cell response (assessed by flow cytometry) in kid-
ney transplant recipients was significantly lower than
that observed in healthy controls, the frequencies of
S-protein-reactive CD4" T cells were similar between the
two groups after COVID-19 convalescence’. Multiple
studies have confirmed this discrepancy between cel-
lular and humoral immune responses in transplant
recipients (Supplementary Table 1). These data sug-
gest that a substantial proportion of kidney transplant
recipients might fail to mount an adequate humoral
response but might develop robust S-protein-reactive
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T cell responses. These antigen-reactive T cells produced
cytokines in response to antigen stimulation ex vivo and
should therefore, despite the lack of antibodies, medi-
ate antiviral response activity and protect patients from
severe COVID-19. Moreover, these data demonstrate that
detection of S-protein-binding antibodies is not sufficient
to assess the overall vaccination response. Consequently,
current serological correlates of protection are not reliable
and might underestimate existing antiviral protection in
patients with a failed humoral response but with effective
cellular immunity. Defining COVID-19 vaccine-specific
correlates of protection for patients with kidney failure
could facilitate the personalized management of these
vulnerable patients during the pandemic. Of note, in
the general population, detection of 264 binding anti-
body units in an antigen-binding assay, or a pseudovirus
neutralization assay titre of 26 IU/ml, corresponded to a
vaccine efficacy of 80 % against symptomatic COVID-19
(Alpha variant of concern (VOC))”’; a threshold for
asymptomatic infections could not be determined.

Risk factors for impaired vaccine responses
Identifying risk factors for failed immune responses
after COVID-19 vaccination is currently of particular
importance. A systematic review and meta-analysis of
32 studies on COVID-19 vaccination in patients receiv-
ing dialysis demonstrated that a higher prevalence of
type 2 diabetes correlated significantly with lower vac-
cine immunogenicity (assessed via antibody response)”.
Immunogenicity did not correlate significantly with
mean age, sex and dialysis vintage in these patients. By
contrast, a prospective study of COVID-19 mRNA vac-
cination in patients receiving dialysis demonstrated that
immunosuppressive treatment, longer dialysis vintage,
lower serum haemoglobin and albumin concentrations,
and lower leukocyte counts were all predictors of a lack
of response to vaccination in a univariate analysis”.

In accordance with the known role of patient age
for de novo generation of pathogen-specific immune
responses, the rate of seroconversion correlated nega-
tively with age in a 2021 study of transplant recipients™.
Type 2 diabetes, treatment with anti-thymocyte globulins
in the previous year and longer time post-transplantation
were also associated with a failed immune response®®”.
Of note, risk factors should be evaluated separately in
transplant recipients and patients receiving dialysis,
owing to the differences in the use of immunosuppressive
drugs in these two cohorts.

Immunosuppressive medications

Commonly used immunosuppressive medications
inhibit the generation of antiviral and vaccine-specific
immunity, for example, by interfering with the matura-
tion of dendritic cells and therefore reducing the acti-
vation of specific T cells” (FIC. 2); many of these drugs,
such as glucocorticoids, have a broad immunosuppres-
sive effect. Immunosuppressive antimetabolites such as
azathioprine, mycophenolate mofetil, or its active form
mycophenolic acid (MPA), have a clear inhibitory effect
on seroconversion”**"*”’. These drugs not only modu-
late the maturation, differentiation and early prolifera-
tion of B cells but also inhibit T cells’*-*". However, one
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study reported that low-level MPA (<360 mg/day) was
associated with a better vaccination response (accord-
ing to antibody titres) than a higher dose®. Rituximab
treatment, which is used in patients with autoimmune
kidney disease, prior to ABO-incompatible transplan-
tation with a high level of HLA antibodies and in cases
of post-transplant Epstein-Barr virus-associated lym-
phoma, reduces seroconversion significantly owing
to its broad elimination of B cells and the consequent
low or zero B cell count. Moreover, calcineurin inhib-
itors (CNIs) and mammalian target of rapamycin
(mTOR) inhibitors modulate the activation and pro-
liferation of T and B cells*>*’. The number of serolog-
ical non-responders to COVID-19 vaccination was
higher among patients treated with a high dose of CNIs
(tacrolimus >7 ng/ml or ciclosporin >150 ng/ml) than
among those receiving lower doses®'. By contrast, the role
of mTOR inhibitors in SARS-CoV-2 vaccine responses
remains unclear. Although mTOR can downregulate the
proliferation of T and B cells*»*, some studies did not
report a negative effect of mMTOR inhibition on vaccina-
tion efficacy®®*. Furthermore, studies of influenza vac-
cination in older individuals demonstrated that mTOR
inhibitors enhanced vaccination responsiveness®’. The
treated patients had a lower frequency of CD4* and
CD8" T cells that express programmed death 1 (PD-1),
which inhibits T cell proliferation, cytokine production
and cytolytic function following antigenic stimulation®.
This effect has not been investigated in the context of
COVID-19 vaccination.

Belatacept is a cytotoxic T lymphocyte antigen 4
(CTLA4) fusion protein with high affinity for CD80 and
CD86. This drug inhibits T cell activation by competi-
tively blocking the binding of the co-stimulatory mole-
cule CD28 to CD80 and CD86 (REF.*). Patients treated
with belatacept had the worst vaccination response after
two doses of COVID-19 vaccine (seroconversion rate
0-5%) than other patients with kidney failure who were
treated with alternative immunosuppressive drugs®-".
Belatacept can inhibit S-protein-reactive T helper
(Ty,) cells that express CD28 constitutively®, prevent-
ing them from providing B cell help and leading to a
failed humoral response. This co-stimulation blockade
also disrupts B cell-follicular helper T crosstalk, which
reduces germinal centre formation’-*>. Belatacept
might also decrease the expression of the transcription
factor PR domain zinc finger protein 1 (also known as
BLIMP1), which regulates plasma cell differentiation
and function’'. Of note, belatacept conversion was asso-
ciated with a high incidence of opportunistic infections,
including cytomegalovirus, Epstein-Barr virus and
pneumocystis, in a multicentre cohort study of kidney

transplant recipients”.

Protein translation and efficacy of nucleic acid-based
COVID-19 vaccines. The humoral immune response
following COVID-19 vaccination is far below that
observed with influenza®~*, which is also administered
in a prime-boost regimen. For example, seroprotection
after influenza vaccination in a transplant population
was 63-92%, depending on the study and the influenza
strains analysed. Importantly, in contrast to traditional

whole organism and subunit vaccines, in nucleic acid
vaccines the antigen has to be produced in the host cells
before it can be presented by APCs. Immunosuppressive
drugs might interfere with the processes involved in the
generation and release of the S protein, thereby enhanc-
ing their inhibitory effect on this vaccine platform (FIG. 3).
MPA reportedly interferes with translational processes
in yeast” and inhibits RNA polymerase III (Pol III) in
mammalian cells, which is required for transcription
of 58 ribosomal RNA, transfer RNA” and other small
RNAs”*'%, Pol III inhibition can lead to ribosomal dis-
turbances and a rapid decline of transfer RNA, which is
crucial to the correct translation of mRNA codons; rapa-
mycin can also suppress Pol III activity'"'. Furthermore,
in animal studies, the CNIs ciclosporin A and tacrolimus
inhibited protein synthesis'®.

Importantly, immunosuppressive therapy does
not seem to significantly affect natural immunity in
transplant recipients infected with SARS-CoV-2 — the
magnitude and functional characteristics of SARS-CoV-2-
reactive T cells, as well as levels of S-protein-specific
binding and neutralizing antibodies in transplant
patients were comparable with those of individuals
who were not being treated with immunosuppressive
drugs'*7*19»1% The systemic immune response trig-
gered by the natural infection, therefore, seems to be
more resistant to the inhibitory effects of immunosup-
pressive drugs than vaccine-induced responses. One of
the main differences between the natural infection and
vaccination is the nature of antigen stimulation and the
initial interaction between the antigen and the immune
system. Given the aforementioned potential effects
of immunosuppressive drugs on protein translation,
mRNA or vector-based vaccination strategies might be
especially inhibited owing to an effect on the amount of
antigenic protein produced. Such an effect might also
contribute to the observed stronger immunogenicity
of mRNA-1273 compared with BNT162b2 given that
the mRNA dose is three times higher in the mRNA-1273
vaccine, which might result in higher levels of antigen
translation®%>'%, The crucial effect of factors specific to
natural infection is also highlighted by the observation
that, in patients with established SARS-CoV-2 immune
induced by natural infection, the seroconversion rate
was 100% after a single dose of mRNA vaccine, with
antibody levels that were comparable with those of
healthy volunteers'””. These data confirm that second-
ary antibody responses are less affected by immuno-
suppression than primary responses in naive patients’;
one main difference is that activation of secondary
immune responses requires lower antigenic stimuli than
primary immune activation.

Breakthrough infections in kidney failure

Over the past few months of the pandemic, the inci-
dence of SARS-CoV-2 infections has started to rise
again. However, beyond single-centre case series, data
on the rate of breakthrough COVID-19 in vaccinated
kidney transplant recipients are scarce. Nonetheless, the
rate and severity of COVID-19 breakthrough infections
in vaccinated kidney transplant recipients and patients
receiving dialysis seem to be moderate, perhaps owing
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Fig. 3 | SARS-CoV-2 natural infection and COVID-19 vaccination.
a| SARS-CoV-2 is transmitted via contaminated air droplets or by contact with
contaminated surfaces. The virus encodes four major structural proteins: spike
(S), membrane (M), envelope (E) and nucleocapsid (N). The S protein mediates
entry into the host cell by binding to angiotensin-converting enzyme 2 (ACE?2),
which is expressed on different epithelial cells including lung, kidney,
gastrointestinal tract, brain and muscle cells. Consequently, multiple organs
are susceptible to SARS-CoV-2 infection. The S protein comprises a short
intracellular tail and a large ectodomain that includes the receptor-binding
domain (RBD) within the S1 subunit and the membrane-fusing S2 subunit. The
S,Mand N proteins are all known to elicit an immune response. b | Vaccination
can be developed using different vaccine platforms, including subunit
vaccines or nucleic acid-based (DNA or mRNA) vaccines. In addition to the
relevant pathogen-derived antigens, vaccines typically contain adjuvants
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that stimulate pattern recognition receptors (PRRs). These compounds act
on antigen-presenting cells (APCs) to improve antigen uptake, upregulation
of MHC molecules, presentation of processed epitopes on MHC molecules
and migration to draining lymph nodes, where they present MHC-antigen
complexes to T cells. In mRNA-based vaccines, the protein antigen that will
be used to activate adaptive immune cells still needs to be produced within
host cells (via translation of the vaccine-delivered mRNA) before it can be
processed and presented by APCs. Viral vector vaccines require an additional
step, as the vaccine-delivered DNA must first be transcribed into mRNA within
the host cells, before the aforementioned translation, processing and
presentation steps. Under conditions of uraemia and/or immunosuppression,
antigenic priming can be impaired through inhibition of APC activation,
as well as inhibition of protein synthesis in nucleic acid-based vaccines.
MPA, mycophenolic acid.

to the antiviral protective capacity of T cells in these
patients®'%-"1°. Of note, breakthrough infection is asso-
ciated with low antibody titres in most reports
For example, in a 2021 study of 55 transplant recipients
with breakthrough COVID-19, SARS-CoV-2 antibody
data were available for 25 patients and 24 had negative
. In another study, among ~1,680 fully vacci-
nated kidney transplant recipients'”’ (at least 14 days after
the second vaccine dose) who were being treated with a
CNI and mycophenolate mofetil, 8 developed COVID-19.
Of these infected patients, only 3 required short-term
hospitalization (3-5 days) but none required mechani-
cal ventilation or oxygen at discharge. By contrast, 12 of
181 vaccinated kidney transplant recipients treated with
belatacept''’ developed COVID-19. Eight of these patients
required hospitalization, including 3 who required
treatment in the intensive care unit; 6 patients died.

In addition to the effect of immunosuppressive
drugs, viral mutations and the development of new viral
VOC:s contribute to the emergence of breakthrough
COVID-19. The most commonly used COVID-19 vac-
cines have focused on the SARS-CoV-2 S-protein and the

serology'"!

receptor-binding domain (RBD) contained within the
S1 subunit of the S protein is currently the major focus of
vaccine development (FIG. 3). This domain has an essen-
tial role in binding to host cells and blocking antibod-
ies should therefore prevent viral entry into host cells.
However, the RBD domain is especially susceptible to
mutations, which increases the risk that novel viral strains
might be able to escape the neutralizing capacity of anti-
bodies directed against the original non-mutated RBD.
The most recently reported SARS-CoV-2 VOC — named
Omicron — contains up to 36 mutations in the S pro-
tein, 15 of which have been identified within the RBD'*%.
These mutations are probably responsible for the fail-
ure of neutralizing antibodies and the high incidence of
breakthrough infections in vaccinated individuals who
are currently being observed'". Data from the general
population showed that Omicron neutralization was
undetectable for almost all individuals vaccinated with
a prime-boost regimen, whereas in patients who had
received an additional vaccine booster within the last
3 months, neutralization of Omicron was potent and
only 4-6-fold lower than that observed with the original

109-111
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(wild type) SARS-CoV-2 variant'"”. These data suggest
that the cross-reactivity of neutralizing antibodies is
enhanced by an additional booster immunization, at
least in the short term. However, the use of vaccines that
target multiple S protein antigenic sites other than the
RBD could be important, as previously demonstrated for
the Middle East respiratory syndrome coronavirus''*'">.
Specifically, in addition to epitopes located on the RBD,
an epitope located on the N-terminal domain elicited
efficient neutralizing activity''*. Furthermore, the addi-
tion of monoclonal antibodies specific for epitopes in
RBD and non-RBD regions of Middle East respiratory
syndrome coronavirus delayed the emergence of escape
mutations in a cell-based virus in vitro escape assay'"”.

Breakthrough COVID-19 infections in fully vacci-
nated patients receiving dialysis have also been increas-
ingly reported owing to suboptimal immunity against
SARS-CoV-2 VOCs. In healthy individuals, the peak of
neutralizing antibody titres after BN'T162b2 vaccination
was 4- to 6-fold lower in response to infection with the
beta and delta VOC compared with the wild type or alpha
VOC". Similarly, only 63% of patients receiving dialysis
had neutralizing antibodies against Beta VOC after two
doses of BNT162b2 (REF'") and breakthrough COVID-19
cases increased among fully vaccinated patients when
the Delta VOC became dominant'*. Interestingly, the
breakthrough COVID-19 rate among fully vaccinated
patients receiving dialysis was higher (1.6%) than that
reported for fully vaccinated transplant recipients
(0.8%)'"%, perhaps reflecting the higher SARS-CoV-2
exposure risk in patients attending dialysis centres.
High exposure represents an important risk factor that
should be considered in patient care, especially in the
context of reduced vaccine-induced immunity. Another
study of patients receiving dialysis reported that, despite
79% seroconversion rates and the detection of neutral-
izing antibodies against wild type SARS-CoV-2 in 56%
of patients following two doses of mRNA vaccine, only
35% and 26% of patients had neutralizing antibodies
against Alpha and Beta VOC:s, respectively'"’. Levels of
detectable neutralizing antibodies against the Omicron
VOC were also significantly lower than those against the
Delta or wild type variants in transplant recipients after
three doses of mRNA vaccine'.

Importantly, currently available commercial sero-
logical tests do not reflect humoral immunity to VOCs
adequately in the general population and especially in
patients with kidney failure''”'*". Consequently, relying
on vaccine-induced seroconversion of enzyme-linked
immunosorbent assay SARS-CoV-2 IgG or a positive
anti-RBD response as a correlate of protection might be
misleading, especially for protection against the Omicron
variant. Of note, although humoral protection against
VOC:s in patients receiving dialysis and the general popu-
lation is relatively low, cellular immunity against all ana-
lysed VOCs, including Omicron, seems to be detectable
and functional in most study participants''>'*>'%,

Strategies to improve vaccination responses

Considering the severe clinical course and high mortal-
ity of patients with kidney failure and infections, particu-
larly SARS-CoV-2 infection, improving seroconversion

in patients with primary vaccination failure is crucial.
The low vaccination response in kidney transplant
recipients described above, the decline of antibody titres
over time'*, breakthrough COVID-19 in fully vacci-
nated patients'*'*>'** and the uncertainty of protection
against VOCs led to the rollout of additional primary
vaccination doses in high-risk groups, including patients
receiving dialysis and kidney transplant recipients. In
contrast to a booster vaccine dose, which is given after
the immunity of the initial prime-boost vaccination
starts to wane, additional primary vaccine doses have
been provided to patients with compromised immunity
to improve their initial vaccination response. Additional
primary vaccination doses had a clear benefit on the
titres of S-protein-binding antibodies in a series of stud-
ies in patients with kidney failure with an absent or low
response to two COVID-19 vaccine doses (TABLE 1). Of
note, a significant decline in the SARS-CoV-2-specific
humoral and cellular immune response observed
1 month after the third primary vaccine dose prompted
the proposal of a fourth primary vaccine dose'”’. Some
studies demonstrate that humoral immunity improves
after a fourth primary vaccination dose in patients
receiving dialysis and transplant recipients (TABLE 2).
Accordingly, a fourth primary vaccine dose has been
recommended for this vulnerable patient group'*.
However, in contrast to patients receiving dialysis, the
immunogenicity of a third or fourth primary vaccine
dose is limited in transplant recipients. Nonetheless,
studies of transplant recipients with an absent or low
response to prime-boost vaccination''*'*-'*’ showed
that the seroconversion rate and antibody titres increased
after additional primary vaccine doses (TABLES 1,2). The
observed seroconversion rate after the third and fourth
primary vaccine doses ranged from 30 to 60% and
from 15 to 76%, respectively, in initial non-responders.
Neutralization assays were performed in a few studies
and confirmed that the detected antibodies had a neu-
tralizing capacity in most patients'*>'*’. In addition to
improvements in humoral immunity, several studies
demonstrated enhanced cellular immunity; the range
of detectable vaccine-specific T cell responses after the
third primary vaccine dose was 25-95%. The broad
variability in these responses might be at least partly
explained by methodological differences, for example,
the use of flow cytometry, ELISpot or IFNy-release assay
to detect T cell responses, or differences in assay sen-
sitivity and limits of detection. Of note, in two studies
that used flow cytometry, S-protein-reactive T cells were
detected in 90% and 95%, respectively'*”'*’. Importantly,
detectable levels of anti-RBD IgG antibodies and
S-protein-reactive CD4" T cells were predictive of a high
response to the third primary vaccine dose''. By con-
trast, <10% of patients with failed seroconversion and
negative IFNy-release assay responded to a third dose™'.
With regard to safety, no adverse events other than
those reported for phase III studies in the general popu-
lation, such as fatigue, headache, local pain, injection
site reactions and myalgia were observed'®!3»135139150,
Moreover, the incidence of acute rejection did not increase
in transplant recipients after a third primary vaccine
dose!#213>135151Of note, we only identified two single
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Table 1| Immune responses in patients with kidney failure after three primary COVID-19 vaccine doses

KRT  Vaccine Humoral Post-vaccination Sample  Humoral T cell Ref.
response after time (weeks) (n) response® (%) response (%)
2nd dose
Tx mRNA-1273 Absent to low 4 159 49.1 NA 129
Absent 95 274 NA
HD BNT162b2 Absent to high 4 38 94.7 NA 7
PD 31 100.0 NA
Tx BNT162b2 Absent to high 4 80 61.3 70.0¢ 130
Absent to low 50 38.0 NA
Tx BNT162b2 Absent to low 2 66 42.4 NA 1
Absent 35 171 NA
Tx BNT162b2 Absent 4 62° 6.5 NA 1o
HD BNT162b2 Absent to high 3 66 92.4 NA 176
Absent to low 34 97.1 NA
Absent 11 54.5 NA
Tx BNT162b2 Absent to high 4 396 67.9 NA 1
Absent 232 45.3 NA
HD BNT162b2 Absent to high 4 45 88.9 NA v
Absent 5 40.0 NA
HD BNT162b2 Absent to high 2 75 92.0 64.0f 140
Absent 12 50.0 33.3f
Tx mRNA-1273 Absent to high 4 60 NA NA 13
Tx BNT162b2 Absent to high 4 76 67.1 NA 193
HD BNT162b2 Absent 4 12 41.7 NA 178
Tx BNT162b2 and Absent to high 4-11 158 46.2 NA 1
MRNALZT3 Apsent 10 300 NA
Tx BNT162b2 Absent to high 4 61 62.3 NA 13
Absent 34 32.4 NA
Tx BNT162b2 Absent to high 136 69.1 NA 136
HD BNT162b2 Absent to low 4 17 70.6 NA 179
Absent 7 28.6 NA
Tx AZD1222 and Absent 1 25 36.0 95.0f 17
BNT162b2
HDP BNT162b2 and Absent to low 3-5 23 87.0 NA 1
mRNA-1273
Tx BNT162b2 Absent to high 4 48 30.0 26.0° 8
Tx BNT162b2, Absent to low 2 30 46.7 NA 153
Z‘ggﬁc‘g\ﬁg”d Absent 24 333 NA
Tx? BNT162b2 Absent 4 10 60.0 90.0° 19

HD, haemodialysis; KRT, kidney replacement therapy; NA, not available; Tx, transplantation. Some studies only included patients
without seroconversion after the second vaccination dose, whereas others also included patients with a low humoral response or
even all patients regardless of their immune response. *Neutralizing humoral immune response in 60% of patients. ®°Neutralizing
humoral immune response in 86.4% of patients. ‘All patients in this cohort were treated with belatacept. Determined by enzyme-
linked immunosorbent assay-based assessment of antibody binding. °Anti-viral T cellimmune response based on IFNy ELISpot.
'Anti-viral T cellimmune response based on IFNy release assay. %Anti-viral CD4* T cell immune response based on flow cytometry.

case reports of acute rejection after a second and a third
primary mRNA vaccine dose in a kidney transplant and a
heart transplant recipient, respectively'*>'*. Importantly,
higher immunogenicity, for example, with the mRNA-
1273 vaccine compared with BNT162b2, did not increase
the incidence of acute rejection. These data are in line
with those of previous studies demonstrating that the

higher antigen concentration in HBV or influenza vac-
cines was not associated with an increased incidence of
acute rejections>*.

In addition to the administration of multiple primary
doses in cases of failed seroconversion after the stand-
ard vaccination regimen, transient discontinuation of
immunosuppressive drug therapies that have a strong
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inhibitory effect on vaccine-induced immunity could
also be considered. For patients on a standard triple
immunosuppressive regimen and at a low risk of allo-
graft rejection, temporary discontinuation of antimetab-
olites should be tolerated without rejection episodes'**.
In patients treated with belatacept, a temporary switch
to a CNI or an mTOR inhibitor might be necessary. Of
note, the potential inhibitory effect of immunosuppres-
sion on the translation of vaccine-delivered mRNA,
might be overcome by using alternative vaccine plat-
forms that are independent of the translation of mRNA
antigens, but this hypothesis has not been tested.
Several prospective vaccination studies and retro-
spective analyses compared the efficacy and immuno-
genicity of different mRNA vaccines in patients receiving
dialysis and kidney transplant recipients (TABLE 3). The
mechanisms underlying the differences in the immuno-
genicity of COVID-19 vaccines have not been identified
but might include differences in antigen dose. Higher
antigen doses provide a stronger immune stimulus and
subsequently induce a stronger immune response'*'¢'.
Accordingly, individuals with compromised immunity
such as patients with CKD, transplant recipients or older
individuals, receive higher antigen doses than those
given to the general population when they are vacci-
nated against HBV">*'*> and influenza'®>'®*. Specifically,
patients with kidney failure receive an HBV vaccination
dose that is four times higher than the standard dose'**.
Moreover, immunogenicity (according to the antibody
response) was significantly better in transplant recipi-
ents that received a high dose of influenza vaccination
compared with the standard dose'®. Of note, despite its
higher mRNA concentration, which does not seem to
have safety implications, the efficacy of the mRNA-1273
vaccine data was similar to that of the BNT162b2 vac-
cine in the general population'>'®. However, in almost all
reported studies in patients receiving dialysis and kidney

transplant recipients, vaccination with mRNA-1273
had the best outcomes defined by the incidence of
breakthrough COVID-19 and antibody titres (TABLE 3).
Importantly, increasing vaccination doses could reduce
vaccine stocks and compromise vaccine availability™.

Additional adjuvants and intradermal application
of vaccines might also improve vaccine immuno-
genicity'®. For example, the addition of the MF59 adju-
vant improved the rate of seroconversion in response
to an influenza vaccine in patients receiving haemo-
dialysis'®®. Of note, LNPs can provide danger signals
and stimulate innate immunity through pattern rec-
ognition receptors. mRNA-1273 LNPs seem to induce
a higher pro-inflammatory response than those used
in the BNT162b2 vaccine'™. mRNA modifications
also affect protein production, therefore modulating
immunogenicity®™. For example, in both mRNA-1273
and BNT162b2 vaccines, N1-methyl-pseudourine sub-
stitutes all uridines throughout the S-protein mRNA
sequence. To the best of our knowledge, no differences
in mRNA modification between the two vaccines have
been reported’®.

Intradermal vaccine delivery also led to a higher rate
of seroconversion than intramuscular delivery in sev-
eral studies of HBV and influenza vaccination in patients
receiving haemodialysis and transplant recipients'**'”".
However, data on the efficacy of all of these approaches
in the context of COVID-19 vaccination are rare and
further studies are lacking.

In patients at a high risk of severe disease with
COVID-19 immunization failure, especially kidney
transplant recipients, monoclonal antibody therapy
might be effective in preventing severe COVID-19, espe-
cially if the treatment is initiated early in the course of
infection. In the future, administration of long-lasting
monoclonal antibody preparations might also enable
passive immunization to be provided in patients with

Table 2 | Inmune responses in patients with kidney failure after four primary COVID-19 vaccine doses

KRT Vaccine Humoral response
after 2nd dose
Tx  BNT162b2, mRNA-1273 Absent to high
and Ad26.COV2.S
Absent
Tx2  mRNA-1273 Low
Tx BNT162b2 and mRNA-1273 Absent to low
HD BNT162b2 Absent to high
Tx BNT162b2 Absent to low
Absent
Tx BNT162b2 and others Absent
Tx BNT162b2, mMRNA-1273, Absent to high

ChAdOx1-S and
Ad26.COV2.S

Tx Ad26.COV2.S Absent to low
Absent
Tx BNT162b2 Absent

Post-vaccination Sample (n) Binding humoral Ref.
time (weeks) response (%)
2-6 18 83.3 e
6 50.0
58 100.0 B
4 92 50.0 13
6-8 19 100.0 1
4 37 51.4 1“5
31 419
5 49 429 16
2 250 55.6 “
4 20 45.0 LS
13 15.4
4 29 76.0 149

HD, haemodialysis; KRT, kidney replacement therapy; NA, not available; Tx, transplantation. Note that some studies only included
patients without seroconversion after the second or third vaccine dose, whereas others also included patients with a low humoral
response or even all patients regardless of theirimmune response. °63.8% of patients had a neutralizing response against the Delta

SARS-CoV-2 variant.
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Table 3 | Efficacy of prime-boost COVID-19 vaccination in patients with kidney failure

BNT162b2 mRNA- Ad26.COV2.S ChAdOx-1 Ref.

KRT  Post-vaccination Sample Efficacy parameter

time (weeks) (n) 1273 nCoV-19

HD 2 519 Frequency of detectable humoral response 90.4% 97.2% 16.7% NA 180

HD 2-3 143 Frequency of detectable neutralizing 34.1% 71.3% NA NA 181
response

HD 4 94 Frequency of detectable humoral response 81.8% NA 70.6% NA 182

Tx® 4 649 Frequency of detectable humoral response 48.8% 59.6% NA NA o

HD 3 205 Frequency of detectable humoral response 92.0% 98.0% NA NA 3

HD >7 5,318 Positive PCR incidence rate (per 1,000 1.4 NA 1.5 NA 183
patient-weeks)

Tx 2-3 142 Frequency of detectable humoral response 47.6% 62.2% NA NA 184
Magnitude titre (AU/ml) <111 255 NA NA

HD 2-4 1,583 Frequency of detectable humoral response 95.7% 97.4% 41.6% NA 185

HD 2 1,528 Frequency of detectable humoral response 87.0% 96.1% 25.5% NA 186

PD NA

Tx 2-6 25 Frequency of detectable humoral response 25.0% 25.0% NA NA 187

HD 3 116 Frequency of detectable humoral response 94.9% 98.7% NA NA 188
Magnitude titre (BAU/ml) 676 1507 NA NA

HD 2-4 148 Frequency of detectable humoral response 85.8% 93.3% NA NA 189

HD 12-22 10,576  Positive PCR incidence rate (per 10,000 1.47 0.91 2.42 NA 28

PD patient-days) NA

HD 2-4 64 Frequency of detectable humoral response 93.0%" 33.0% NA 190

Tx 4 768 Frequency of detectable humoral response 65.6% NA NA 43.6% 191
Frequency of detectable cellular response 17.5% NA NA 5.1%
Magnitude titre (BAU/ml) 58 NA NA 71

HD 4-5 1,136 Frequency of detectable humoral response 87.5% 97.0% NA NA 08

Tx 333 49.0% 26 NA NA

HD 4-5 543 Frequency of detectable humoral response 76.5% 87.8% NA NA 106
Magnitude titre (AU/ml) 258 1,230 NA NA
Magnitude cellular response 0.497 0.809 NA NA

HD 34 138 Frequency of detectable humoral response 76.9% 100.0% NA NA 105

PD NA NA

HD Magnitude titre (AU/ml) 16.6 16.2 NA NA

PD NA NA

Tx 133 Frequency of detectable humoral response 56.0% 76.2% NA NA

Magnitude titre (AU/ml) 12.4 5.6 NA NA

AU, antibody unit; BAU, binding antibody unit; HD, haemodialysis; KRT, kidney replacement therapy; NA, not available; Tx, transplantation. Only patients with a
complete vaccination course and no known history of SARS-CoV-2 infection were considered for this summary. °This cohort included patients with non-renal
transplantation. "Response reported for mRNA vaccines as a group without specific data for each vaccine.

refractory immunization failure. Of note, although sev-
eral antibody preparations with a high neutralization
capacity against Alpha, Beta and Gamma SARS-CoV-2
VOC were not protective against Omicron, the monoclo-
nal antibody sotrovimab provided in vitro neutralization
against Delta and some subvariants of Omicron'”'"'”,

Conclusions

The generation of vaccine-specific immune responses
is a complex process and many of its steps can be dis-
rupted in patients with kidney failure. Further studies
are required to elucidate the mechanisms underlying
the immune alterations in these patients and to identify

potential strategies to improve vaccination outcomes
in this population. Thus far, no phase III studies have
evaluated the efficacy and safety of COVID-19 vaccina-
tion in patients receiving kidney replacement therapy.
However, several real-life multicentre vaccination tri-
als in this population suggest that vaccination safety is
similar to that of the general population. Importantly,
correlates of vaccine-specific immune protection have
not been defined. However, the data available so far indi-
cate that full protection requires both arms of adaptive
immunity — the cellular and the humoral responses.
Further studies are needed to assess the degree of
vaccine-induced COVID-19 protection in patients with
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CKD, especially in those with kidney failure. Although
the immunogenicity of COVID-19 vaccination seems to
be mostly satisfactory for patients receiving dialysis, the
response rate in kidney transplant recipients is low and
requires additional measures to ensure optimal protec-
tion in this vulnerable group. This low level of serocon-
version in transplant recipients was unexpected because
vaccination against other pathogens is typically more
immunogenic. Given that the main difference between
COVID-19 vaccines and other common vaccines is the
vaccine platform, immunosuppressant-induced inhi-
bition of transcription and/or translation in vector or
mRNA-based vaccines might have a role. Therefore,
the potential benefits of subunit or recombinant
SARS-CoV-2 protein-based vaccines should be investi-
gated, especially for immunosuppressed patients. Other
strategies for improving vaccine responses that should
be investigated in patients with kidney failure include
the use of adjuvants, intradermal vaccine administra-
tion, higher vaccine doses, and additional primary or

The currently high rate of breakthrough COVID-19
in fully vaccinated patients can be explained by the
waning immune response post-vaccination (current
data demonstrate that antibody levels wane over time,
including in the general population) in combination
with differences in the antigenic structure between the
SARS-CoV-2 wild type strain, on which current vac-
cines are based, and SARS-CoV-2 VOCs. Additional
primary vaccine doses or the administration of boost-
ers improved the response to VOCs significantly'*.
Notably, in the general population, only individuals
who had received a booster within the last 3 months
had potent neutralization of the Omicron VOC'". In
addition, for patients with certain MHC genotypes,
immune responses might be mainly directed against
SARS-CoV-2 proteins other than the S protein, such as
the M or N protein. In such patients, S-protein-based
immunization might not elicit an immune response
capable of preventing a breakthrough infection'”.

booster doses.
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