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Abstract

Background A definition of the immunological features of COVID-19 pneumonia is needed to support clinical
management of aged patients. In this study, we characterized the humoral and cellular immune responses in
presence or absence of SARS-CoV-2 vaccination, in aged patients admitted to the IRCCS San Raffaele Hospital (Italy)
for COVID-19 pneumonia between November 2021 and March 2022.

Methods The study was approved by local authorities. Disease severity was evaluated according to WHO guidelines.
We tested: (A) anti-SARS-CoV-2 humoral response (anti-RBD-S IgG, anti-S IgM, anti-N IgG, neutralizing activity against
Delta, BA1, BA4/5 variants); (B) Lymphocyte B, CD4 and CD8 T-cell phenotype; (C) plasma cytokines. The impact of
vaccine administration and different variants on the immunological responses was evaluated using standard linear
regression models and Tobit models for censored outcomes adjusted for age, vaccine doses and gender.

Result We studied 47 aged patients (median age 78.41), 22 (47%) female, 33 (70%) older than 70 years (elderly). At
hospital admission, 36% were unvaccinated (VAC, ), whilst 63% had received 2 (VAG,) or 3 doses (VAC;) of vaccine.
During hospitalization, WHO score > 5 was higher in unvaccinated (14% in VAC; vs. 43% in VAC, and 44% VACno).
Independently from vaccination doses and gender, elderly had overall reduced anti-SARS-CoV-2 humoral response
(IgG-RBD-S, p=0.0075). By linear regression, the anti-RBD-S (p=0.0060), B (p=0.0079), CD8 (p=0.0043) and Th2 cell
counts (p=0.0131) were higher in VAC, , 5 compared to VAC,. Delta variant was the most representative in VAC,
(n=13/18, 72%), detected in 41% of VAC,,, whereas undetected in VAG and anti-RBD-S production was higher in
VAG, vs.VAC,, (p=0.0001), alongside neutralization against Delta (p=0141), BA1 (p=0.0255), BA4/5 (p=0.0162).
Infections with Delta also drove an increase of pro-inflammatory cytokines (IFN-a, p=0.0463; IL-6, p=0.0010).

Conclusions Administration of 3 vaccination doses reduces the severe symptomatology in aged and elderly.
Vaccination showed a strong association with anti-SARS-CoV-2 humoral response and an expansion of Th2 T-cells
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populations, independently of age. Delta variants and number of vaccine doses affected the magnitude of the
humoral response against the original SARS-CoV-2 and emerging variants. A systematic surveillance of the emerging

variants is paramount to define future vaccination strategies.

Keywords Elderly, COVID-19 vaccine, Non-vaccinated, SARS-CoV-2 variants, Immunological response, Plasma

cytokines, COVID-19 disease severity, Th2, Pneumonia

Introduction

SARS-CoV-2 infection can lead to COVID-19 pneumo-
nia. The risk of death in the general population is low but
it dramatically increases in elder individuals with comor-
bid chronic conditions such as hypertension, cardiovas-
cular diseases, type 2 diabetes, and with obesity, smoking
habits, and male gender [1, 2]. Furthermore the immune
system undergoes remarkable changes known as immu-
nosenescence during aging. A low-grade chronic inflam-
mation, known as “inflamm-aging’, causes a progressive
decline in the ability to produce effective humoral and
cellular responses against infections or upon vaccination
[3, 4]. In aged individuals, a hyper-inflammatory condi-
tion is favoured by the chronic activation of monocytes,
which generates a pro-thrombotic environment, con-
tributing to the negative outcomes observed in severe
COVID-19 [5, 6]. Moreover, the alteration of T lympho-
cytes repertoire with aging [6] can affect the accessibil-
ity of naive T cells to SARS-CoV-2 antigens, reducing the
activation of specific cells [7]. Also, long-lived B cell rep-
ertoire, important in maintaining immunity elicited by
vaccines [8-10] is affected by immunosenescence and
a particular sign of this impairment is the expansion of
the atypical non-functional B cells that is associated with
suboptimal humoral responses to vaccine [11].

Despite ongoing immunosenescence in elderly popu-
lation, the administration of COVID-19 vaccine has
demonstrated efficacy [8, 12-15] with an incredible
impact on the prevention of severe disease [16—19]. A
milder course of the disease is a reflection of a prompt
anti-SARS-CoV-2 immune response elicited by the vac-
cine, which decreases the progression of the infection
and supports a quicker virus clearance, preventing the
raise of COVID-19 complications. There are scarce data
reporting comprehensive immunological characteriza-
tion in elderly patients. One previous study described the
immune features in 31 aged patients with severe SARS-
CoV-2 infection (mean age: 76.4 years), compared to 33
adult patients at the same stage of infection (mean age:
49.8 years) in absence of vaccination [6]. Whilst success
of vaccination is not questioned, it still remains to bet-
ter characterize the immunological mechanisms asso-
ciated with severe COVID-19, even after SARS-CoV-2
vaccination.

In this study, we provided a fine characterization of the
humoral and cellular immune responses in aged patients
who were admitted to the IRCCS San Raffaele Hospital

(Italy) for COVID-19 pneumonia, between November
2021 and March 2022, during Delta/Omicron variants
of concern (VOC) waves. We compared unvaccinated
patients with subjects receiving two or three doses, to
evaluate the impact of vaccination on the immunological
humoral, cellular and pro-inflammatory response. This
population is unique, having a group of patients that were
naive to vaccination or infection.

Methods

Study population

This study included a total of 47 patients (median age
78.41, ranging from 60 to 94 years old) admitted to the
IRCCS San Raffaele Hospital (Milan, Italy) for pneumonia
between November 2021 and March 2022. All patients
had proven evidence of SARS-CoV-2 infection with
nasopharyngeal swab tested positive for SARS-CoV-2
nucleic acid using reverse-transcriptase real-time PCR
assay [20, 21], and they were treated with corticosteroids
according to common clinical practice. Disease severity
was evaluated according to WHO guidelines [22]: score
(s)<5=moderate; s>5=severe. The study group included
vaccinated and non-vaccinated patients. Information
about vaccine type is available only for 18/30 (60%).
Patients receiving 2 doses were vaccinated with Pfizer
Comirnaty vaccine (8/16, 50%), or with Astra Zeneca
Vaxzevria (5/16, 31%), or with Moderna Spikevax (3/16,
19%). Information about the booster dose were available
only for two patients (one received two doses of Astra
Zeneca Vaxzevria and one Pfizer Comirnaty dose; the
other received 3 Pfizer Comirnaty doses). Individuals that
needed intensive care unit (ICU) support at admission
were excluded. Two patients were admitted with score=6
and included in the study, but they experienced a severe
curse the infection and died during hospitalization.

SARS-COV-2 VOC genomic characterization

SARS-COV-2 sequences were obtained using Menarini
Diagnostics CoronaMeltVAR Real Time PCR kit (Firenze,
Italia). Viral genome characterization of the SARS-CoV-2
VOC driving the pneumonia was available for only 17
subjects. For the other patients, we estimated the prob-
able VOC based on the genomic epidemiological data
of the Italian National Institute of Health [23]. Accord-
ing to Lombardy epidemiological data, Omicron sur-
passed Delta and became the most prevalent VOC at the
beginning of January 2022 [24]. Considering a reasonable
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time-lag between infection and hospitalization of about
7-10 days [25], patients hospitalized after the 15 of Janu-
ary 2022 were considered as Omicron-infected.

Sample collection and storage

EDTA-venous blood and serum were collected within
3 days after hospital admission, with all patients hav-
ing received corticosteroids. Plasma was isolated from
EDTA-blood and stored at -80°C for further use. Periph-
eral blood mononuclear cells (PBMCs) were isolated
using Ficoll density gradient and cryopreserved in FBS
10% DMSO until analysis, in liquid nitrogen. Serum was
aliquoted and stored at -80°C until use.

Anti-SARS-CoV-2 humoral response

All individuals were tested for IgG recognizing the
RBD domain of the Spike glycoprotein (IgG-RBD-S),
IgG against the Nucleocapsid protein (IgG-N) and IgM
against the Spike glycoprotein (IgM-S). IgM-S and IgG-N
were measured using the SARSCoV-2 IgG-N and the
SARS-CoV-2 IgM-S assays (Abbott, Ireland), respectively,
and IgG-RBD-S were tested using the SARS-CoV-2 IgG
II Quant assay (Abbott, Ireland). Samples were run in
single replicate according to the manufacturer’s instruc-
tions, using the ARCHITECT i2000 System (Abbott), as
previously described [26—-28]. For IgG-N and IgM-S, the
results were reported as assay index (S/C) with a positive
cut-off 21.4 for IgG-N and =1 for IgM-S. For IgG-RBD-
S results were reported as binding antibody Unit/mL
(BAU/mL, cut-off 27.1) [29]. Samples with values>5680
BAU/mL (upper limit of quantification) were diluted 1:2
and measured again. Concentrations were reported con-
sidering the dilution factor.

SARS-CoV-2 neutralizing activity against virus variants
Delta, BA1, BA4/5

Neutralizing activity of sera was tested using lentiviral
pseudotypes of SARS-CoV-2, as previously described
[30-32]. SARS-CoV-2 pseudotypes with Spike variants
were produced in HEK293T/17 cells (human embryonic
kidney 293 cells, ATCC CRL-11268) by co-transfect-
ing with the Spike variant-coding plasmids, packaging
plasmid p8.91 and pCSFLW reporter plasmid using the
FuGENE HD Transfection Reagent (Promega) according
to the manufacturer’s instructions. Supernatants contain-
ing the virus were harvested 72 h after transfection, cen-
trifuged at 500xg for 5 min to clear it from cell debris and
filtered with a 0.45-um filter before storage at —80 °C.
Before neutralization, all virus stocks were titrated by
infection of Chinese Hamster Ovary (CHO) cells that
stably expressed human ACE2/TMPRSS2 proteins
(CHO ACE2/TMPRSS2, herein referred to as CHO/A2/
T2) which are the cellular targets of SARS-CoV-2 infec-
tion, as described previously [30, 33]. Sera neutralizing
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potency was assayed on CHO/A2/T2 cells. Endpoint
two-fold serial dilutions of heat-inactivated sera samples
(56 °C for 30 min) were incubated with 106 RLU of pseu-
dotyped viruses at 37 °C 5%, CO2 for 1 h before addition
of 104 CHO/A2/T2 cells per well (96 well plate format)
and incubation for 48 h. Following incubation, cells were
lysed in Luciferase Assay System (Promega) and lucifer-
ase activity was measured using a Glo-Max luminometer
(Promega). The neutralization rates were expressed as
IC50 values, defined as the inhibitory dilution at which
the half-maximal neutralization is achieved. To set up the
neutralization assay the International Standard for anti-
SARS-CoV-2 antibody (NIBSC code 20/136) and WHO
Reference Panel were included as controls, as established
previously [30].

Immune cell phenotype (B, CD4 and CD8)

Cellular markers were measured by staining frozen
PBMCs. For B and T cell populations DURAClone IM
B cell tube and DURACIlone IM T cell (both from Beck-
man Coulter, Research Use Only RUO) were used as we
previously described [34]. Using surface marker staining,
we assessed the frequencies of B and T cell maturation
stage distribution. Therefore, we examined the exhausted
or senescent phenotype of T cells, by measuring respec-
tively the Programmed cell death protein 1 (PD-1) and
CD57 expression on the cells’ surface. Moreover, we
designed two panels for helper (Th) and regulatory (Treg)
T cells, as previously published [27]. Data acquisition was
performed using a CytoFlex flow cytometer with Cyt-
Expert v2.3 software (Beckman Coulter). The stopping
rule was set at 10,000 events in the T cells (CD3+) panel
and 1,000 events in the B-cells (CD19+). Data were ana-
lysed with Kaluza v2.1 software (Beckman Coulter) and
the Cytobank Premim software (Beckman Coulter). The
list of Ab and gating strategies applied were described in
Supplementary Tables 1 and Supplementary Figs. 1, 2, 3.

Plasma cytokine profile

MACSPlex Cytokine 12 kit human (MACS Miltenyi
Biotec) was used as indicated by the manufacturer to
specifically detect: GM-CSE, IEN- «, IFN-y, IL-2, IL-4,
IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-17ac e TNF- a. Data
were acquired on a CytoFlex flow cytometer (Beckman
Coulter) at a flow rate of 20 uL/minute. The acquisition
stopping rule was set to 4.000 events in the bead gate or
180 ul of acquired sample. The exported data were ana-
lyzed with Flowlogic software (Inivai Technologies).
Cytokines’ concentration (pg/ml) was obtained by inter-
polation with the standard curve provided by the kit.

Statistical analysis
Results for continuous variables were summarized
using median and IQR while categorical variables using
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frequencies and percentages. Nonparametric tests were
applied to compare patients receiving different vaccine
doses for relevant demographic/clinical characteristics
and immunological responses: in particular, Fisher’s exact
test was used with categorical variables, while the Mann-
Whitney test was applied in continuous variables. Spear-
man’s partial correlation coefficient was calculated to
evaluate, within patients receiving 0 or 2/3 doses of vac-
cine, the presence of a monotonic relationship between
two immunological responses after adjusting for age. The
false discovery rate (FDR) approach was used to adjust
p-values thus addressing arising multiplicity issues. Mul-
tiple regression models were performed to evaluate dif-
ferences among groups defined either (i) on received dose
or (ii) on age (>70 yrs vs. < 70 yrs) on immunological
response adjusting for potential confounding variables.
In particular, along with standard linear regression mod-
els, Tobit models have been estimated in the presence of
censored dependent outcome variables. To satisfy under-
lying model assumptions, outcome variables were trans-
formed using standard transformations (e.g., logarithm,
power transformation, square root, ordered quantile nor-
malization). All the analyses were performed using R sta-
tistical software (version 4.2.2, https://cran.r-project.org/
index.html). In all the analyses, the significance level was
set at 0.05.

Results

Patients’ population characteristics according to
vaccination doses and age

The study cohort included 47 patients hospitalized for
COVID-19 pneumonia resulting from SARS-CoV-2
infection, during Delta and Omicron waves. Patients’
characteristics are shown in Table 1. Overall, median
age was 7841 years [IQR 68-84], 22/47 (47%) were
female, and 12/47 (29%) had history of cancer. Based on
the WHO clinical progression scale [22], 25/47 (57%)
patients were classified as moderate (score 4 and 5, s<5)
and 19/47 (43%) as severe patients (score 6, s>5). Patients
that appeared critically ill at admission and needed ICU
were not included in the study. Apart from 2 patients
(age>80 years), who experienced a negative progression
of the disease and died (at admission s> 5; at death s=10),
all the other patients achieved a full remission.

At hospital admission, 17/47 (36%) individuals were
not vaccinated (VAC,)), whilst the remaining 30/47
(64%) had received 2 doses (18/30, 60%, VAC,) or 3
doses (12/30, 40%, VAC;) of anti-SARS-CoV-2 vaccine,
designed versus (vs.) the original Wuhan strain. Compar-
ing general characteristics of vaccinated and unvacci-
nated patients, the ratio male/female was similar in the
two groups (VAC,vs. VAC,, ;), while the VAC,_ ; one
was relatively older than the VAC,, (medians years 80
vs. 71, respectively). The older group (VAC,, ;) was more
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likely to have experienced some comorbidities compared
to the younger one (VAC, ), including obesity (19% vs.
0%), chronic obstructive pulmonary disease (COPD,
4% vs. 0), diabetes (12% vs. 6%), cancer (31% vs. 25%),
or other diseases (31% vs. 13%, specified in Table 1),
albeit none of the difference was statistically significant.
Both VAC,, ; and VAC,, experienced pulmonary arte-
rial hypertension (PAH) with similar frequency (39% vs.
38%). Within VAC,_ ; group, individuals who received
3 vaccination doses were less likely to have experienced
PAH (10% of cases in VAC, vs. 56% in VAC,). With
regards to the percentage of severe patients (s>5), this
was lower in VAC, , ; group (39%) than in VAC , (50%)
and among the vaccinated, those with three doses were
less likely to have experienced severe symptoms (30% of
s>5in VAC, vs. 44% in VAC,) (Table 1).

Anti-SARS-CoV-2 response in elderly versus aged patients
Further, we explored the impact of age on the disease out-
come and immune response in the context of COVID-19
pneumonia in presence or absence of vaccination. We
thus divided the population into two strata: one below 70
years of age (<70y, n=14) and one over 70 (>70y, n=33)
and the characteristics of these 2 groups are provided
in Supplementary Table 2. As it could be expected, the
individuals>70y were more likely to have experienced
comorbidities associated with aging such as PAH (29% in
<70y vs. 36% in >70y), diabetes (absent in <70 vs. 12% in
>70y), cancer (21% in <70y vs. 27% in >70y) and other
diseases (14% in <70 vs. 24% in >70y). Lack of vaccina-
tion was more frequent in younger individuals, with 50%
of <70y and 30% of >70y subjects being VAC, . Of note,
in the elderly group, administration of three doses of vac-
cination resulted in a lower proportion of severe cases
(14% severe cases in VAC; vs. 43% in VAC, and 44% in
VAC,,). We further run a multivariable regression model
comparing subjects<70 yrs and >70 yrs of age adjusted
for vaccine doses and gender (Table 2). We found that
elderly had an overall lower anti-SARS-CoV-2 humoral
response (IgG-RBD-S) with an expansion of CD28null
CD4 populations. Of note, none of the individuals who
received 3 doses experienced death, whilst the two peo-
ple who died were both >70y: one was VAC, and the
other was VAC , (Supplementary Table 2).

Vaccination was associated with increased anti-SARS-
CoV-2 humoral response and neutralizing activity
Humoral response was evaluated by measuring circulat-
ing IgG-N, IgM-S, IgG-RBD-S Antibodies (Ab) (Table 3;
Fig. 1). Overall, IgG-N were detectable in 33/47 (70%),
IgM-S in 26/47 (55%) and IgG-RBD-S in 30/47 (81%).
By linear regression models adjusted for gender, age
and cancer, comparing individuals that received or not
the vaccine, we reported that IgG-RBD-S Ab levels
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Table 1 Patients'characteristics
All VAC,, VAG,,; VAC, VAG,
47 17 30 p-value 18 p-value (2 12 p-value
(2+3vs. VS. NO) (3 vs.
no) 0)
WHO classifica- Moderate,s<5 25 (56.8) 8 (50 17 (60.7) 0.54 10 (55.6) 1 7 (70.0) 0428
tion, n (%) Severe, s>5 19 (43.2) 8(50.0) 11(39.3) 8(444)
NA n 3 1 2
PAH, n (%) No 26 (61.9) 10 (62.5) 16 (61.5) 1 7(43.8) 0479 0.19
Yes 16 (38.1) 6(37.5) 10 (38.5) 9(56.2) 1(10.0)
NA, n 1 4 2 2
Obesity, n (%) No 37(88.1) 16 (100.0) 21(80.8) 0.138 11(68.8) 0.043 10 (100.0) 1
Yes 5(11.9) 0(0.0) 5(19.2) 5(31.2) 0
NA n 5 1 4 2 2
COPD, n (%) No 41(97.6) 16 (100.0) 25(96.2) 1 16 (100.0) 1 9( 0.385
Yes 1(24) 0(0.0) 1(3.8) 0 1(10.0)
NA n 5 1 4 2 2
Diabetes,n (%) No 38(90.5) 15(93.8) 23 (88.5) 1 13(81.2) 0.6 10 (100.0) 1
Yes 4(9.5) 1(6.2) 3(11.5) 3(188)
NA n 5 1 4 2
Cancer, n (%)° No 30(71.4) 12(75.0) 18 (69.2) 0.74 13(81.2) 1 5(50.0) 0.234
Yes 12 (28.6) 4(250) 8(30.8) 3(188)
NA n 5 1 4 2 2
Other diseases, No 32(76.2) 14 (87.5) 18 (69.2) 0.27 12 (75.0) 0.654 6 (60.0) 0.163
n (%)° Yes 10(23.8) 2(125) 8(30.8) 4(250) 4(40.0)
NA n 5 1 4 2 2
Gender, n (%) F 22 (46.8) 9(529) 13 (43.3) 0.558 7(389) 0.505 6 (50.0) 1
M 25(53.2) 8(47.1) 17 (56.7) 11(61.1) 6 (50.0)
Outcome, n (%) RE 45 (95.7) 16 (94.1) 29 (96.7) 1 17 (94.4) 1 12 (100.0) 1
DE 2(43) 1(5.9) 1(33) 1(5.6) 0(0.0)
SARS-CoV-2 Delta 20 (42.6) 7(41.2) 13 (43.3) 1 13(72.2) 0.092 0(0.0) 0.023
VOC, n (%) Omicron 27 (57.4) 10(58.8) 17 (56.7) 5(27.8) 12(100.0)
age (median 7841 7132 79.80 0.163 79.24 0.276 80.78 0.184
[IQRI) [68.31,84.04] [66.78,79.51] [74.15, [74.15,82.28] [74.58,84.37]
84.27]

NA=not available data; RE: remission, DE: death. PAH: pulmonary arterial hypertension. COPD: chronic obstructive pulmonary disease. *Type of cancer in the
population were: chronic lymphatic leukaemia (n=2), lymphoma (n=1), multiple myeloma (n=1), myelofibrosis (n=1), breast cancer (n=2), pancreatic cancer (n=1),
lung cancer (n=1), colorectal cancer (n=1), prostatic cancer (n=1), adenoid cystic carcinoma (n=1). Pother disease included: cardiovascular (n=2), pulmonary (n1=2),
metabolic (other than diabetes and obesity, n=1), renal (n=1), neurologic (n=4). p-values referred to Fisher's exact test in presence of categorical outcomes, while
Mann-Whitney test was applied in the presence of continuous variables

were higher in VAC, ; compared to VAC, (p=0.0026,
Table 3; Fig. 1) conversely to what was observed for
IgG-N Ab levels which were lower in (VAC,, ; compared
to VAC,, (p=0.0408, Table 3; Fig. 1. IgM-S levels did not
vary across the groups.

In a separate regression model, using the same adjust-
ments described above, we evaluated the impact of one
or two doses of vaccine, and we compared the humoral
response in VAC,, vs. VAC, or VAC; (Supplementary
Table 3). We observed that both VAC, and VAC; had
higher levels of IgG-RBD-S compared to VAC,, but this
was only significant for VAC, (p=0.0001). On the other
hand, anti-N IgG levels decrease with the number of
vaccine doses, with the highest level detected in VAC
group (p=0.0014 compared with VAC,), as showed in
Fig. 1; Table 3.

Further, we explored the impact of vaccination on the
Ab neutralization activity during natural infection driv-
ing pneumonia. We tested neutralizing antibodies against
both circulating variants Delta, BA.1 and BA.4/5 and
human seasonal coronaviruses (HCOVs, 229E, HKUI,
NL63). Overall, individuals who received vaccination
(VAC,, ;) showed significantly higher levels of neutral-
izing activity against the circulating variants compared
to VAC,, (p=0.0.34 Delta; p=0.044 BA.1 and p=0.038
BA.4/5; Table 3). Of note, this difference was mainly
driven by VAC,, rather than VAC; (Supplementary Table
3). Activity versus seasonal coronaviruses was not differ-
ent between the groups.

Cellular immune response was elevated in individu-
als who received vaccination, regardless to age, gender
or cancer history.
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Table 2 Multiple regressions for comparison of subjects > 70 yrs of age and subjects <70 yrs of age, adjusted for vaccine doses and
gender. Tobit regression models for IgG-N (index), IgM-S (index) and IgG-RBD-S (BAU/mL). Linear regression models for the other
outcomes

>70yrsvs.<70yrs

Outcome Estimate Std.er. p-value
IgG-N (index) 20165 0.7431 0.0067
IgM-S (index) -1.2085 0.7847 0.1236
IgG-RBD-S (BAU/mL) 22159 0.8287 0.0075
IC50 229E 02193 03314 05119
IC50 HKU1 0.1482 03278 06535
IC50 NL63 -0.1728 0.3452 06193
IC50 DELTA -0.7378 0.2877 00141
IC50 BA1 05189 0.3042 0.0956
IC50 BA4/5 -0.5859 0.2954 0.0541
GM-CSF pg/ml -0.2694 04097 05148
IFN-a pg/m -0.1027 0.3306 0.7577
IFN-y pg/ml 00584 03191 08558
IL-4 pg/ml 43309 138644 0.7565
IL-5 pg/ml -0.1588 03146 06168
IL-6 pg/ml 05311 03135 0.0985
IL-10 pg/ml 0.2305 0.7504 0.7604
IL-12p70 pg/ml -0.1541 04480 0.7327
IL-17 A pg/ml -0.1109 04508 0.8070
TNF-a pg/m! -0.0881 0.3039 0.7733
leukocytes -0.3116 0.3455 0.3727
B cells count -0.2466 03113 04330
B cells (% on CD45+) -0.5055 0.6985 04736
B activated (CD19+/CD27+/IgD-/CD21-) 06580 03130 0.0440
B resting (CD19+/CD27+/IgD-/CD21+) 0.7319 0.5651 0.2051
CD21low/CD38 low (CD19+/ CD21'°%/CD38'°%) -0.3782 0.3683 03127
DN (CD19+/CD27-/IgD-) 04236 04014 0.2998
Marginal Zone (MZ) (CD19+/CD27+/IgD+) 0.0240 0.2882 0.9341
Memory B cells (MB) (CD19+/CD27+/IgD-) 0.9430 0.5817 0.1154
Naive B cells (CD19+/CD27-/IgD+/CD21-) -13.0766 88247 0.1488
Plasmablast (CD19+/CD27+/IgM-/IgG-/CD38"") 7.6308 49079 0.1305
SWI (CD19+/CD27+/IgM-/IgG-) 0.8061 0.6244 0.2065
TLM (CD19+/CD27-/CD21-) 03157 04136 04512
Trans B (CD19+/CD27-/ CD38M9N/CD24 Mah) -0.5682 0.3394 0.1045
UNSWI (CD19+/CD27+/IgM+/1gG+) 0.0692 0.5991 0.9089
CD4+T cells count 0.0321 0.3353 0.9242
CD4+ (% of CD3+) 49385 64672 04497
CM-CD4 (CD4+/CD45RA-/CCR7+) -3.5265 44790 04364
N-CD4 (CD4+/ CD45RA+ /CCR7+) 26626 41079 05211
EM-CD4 (CD4+/ CD45RA-/ CCR7-) 45056 43223 0.3044
TEMRA CD4 (CD4+/ CD45RA+/ CCR7+) 06308 0.5071 02218
CD4+/PD1-/CD57- -5.6604 57776 0.3340
CD4+/PD1-/CD57+ 0.3004 0.3344 0.3750
CD4+/PD1+/CD57- 0.1981 51764 0.9697
CD4+/PD1+/CD57+ 0.7492 04763 0.1247
CD4+/CD27-/CD28- 0.7354 0.3063 00218
CD4+/CD27-/CD28+ 0.2070 0.2981 04921
CD4+/CD27+/CD28- 0.7004 0.3400 0.0469
CD4+/CD27+/CD28+ -8.2945 51942 01193
CD8+T cells count 1291.8860 6324504 0.0479

CD8+ (%o0f CD3+) 0.0853 0.1746 0.6280
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Table 2 (continued)

>70yrsvs.<70yrs
Outcome Estimate Std.er. p-value
N-CD8 (CD8+/ CD45RA+ /CCR7+) -0.3726 0.2208 0.1001
CM-CD8 (CD8+/CD45RA-/CCR74) -8.0210 6.3046 02114
EM-CD8 (CD8+/ CD45RA-/ CCR7-) 7.8387 5.3385 0.1507
TEMRA-CD8 (CD8+/ CD45RA+/ CCR7+) 0.9748 06742 0.1568
CD8+/CD57-/PD1- 0.2013 29723 0.9464
CD8+/CD57-/PD1+ -0.1358 0.1691 04273
CD8+/CD57+/PD1- 0.6822 0.5927 0.2574
CD8+/CD57+/PD1+ 1.7821 5.0780 0.7277
CD8+/CD27-/CD28- 44434 6.7942 0.5173
CD8+/CD27-/CD28+ 04703 0.2475 0.0655
CD8+/CD27+/CD28- 14167 1.7725 04294
CD8+/CD27+/CD28+ -8.8544 64304 0.1770
Th1 (CD4+/CCR6- /CXCR3+); 41130 4.3099 0.3463
Th17 (CD4+/CCR6+/ CCR4+) 0.1043 0.3537 0.7698
Th17-1 (CD4+/CCR6+/CXCR3+) -04384 04224 0.3062
Th2 (CD4+/CCR6-/CCR4+) -0.2955 03311 0.3781
Treg (CD4+/CD25+/CD127'°%) 0.1662 0.1639 03175

At admission, extensive phenotypic profiling was also
performed to evaluate the immune activation in the B
and T (CD4, CD8) cell compartments. All the cellular
subpopulations were included in the linear regression
models and reported in Table 3 and Supplementary Table
3.

With regards to B-cells, we observed only that the
total B count was higher in VAC,, ; compared to VAC_
(p=0.0079), meanwhile none of the activated populations
were different (Table 3 and Supplementary Table 3). This
data was probably driven mostly by the comparison VAC,
vs. VAC, (Supplementary Table 3, p=0.0028). When
looking at the CD4 sub-populations in the three vaccina-
tion groups, levels of Th1 lymphocytes (CCR6-/CXCR3+)
appeared to be the most abundant compared to the other
Th subtypes (Th2, Th17-1, Th17) (Fig. 2A-B, Supplemen-
tary Table 3). Of note, the proportion of the Th2 cell var-
ied across the groups, with the VAC, ; showing higher
levels compared to VAC,, (p=0.009, Fig. 2A; adjusted
value in Table 3). This difference remained significant
also when the number of vaccine doses was considered.
Indeed, both VAC, (p=0.0233) and VAC; (p=0.0241)
had higher levels compared to VAC, (adjusted values
in Supplementary Table 3, Fig. 2B). We did not observe
significant differences regarding the other CD4 popula-
tions, a part of an increase of the effector memory CD4
in the VAC; compared to VAC,, (EM-CD4+, p=0.0325,
Supplementary Table 3).

Finally, we explored the CD8 population and we found
an increase of the proportion of CD8 in VAC,, ; com-
pared to VAC,, (p=0.008, Table 3) and this association
persisted only when comparing separately VAC,, to
VAC; (p=0.0319, Supplementary Table 3); furthermore,

individuals who received 3 vaccine doses also had higher
total CD8 counts (p=0.0002) compared to unvaccinated
(Supplementary Table 3). When looking at the CD4/CD8
lymphocytes ratio (Fig. 2C), consistently with the multi-
variable adjusted analysis, we observed an expansion of
the CD8 in VAC; group.

Soluble cytokines levels during COVID-19 pneumonia
varied according to vaccination doses

Alongside the characterization of humoral and cellular
responses of our cohort, we also profiled the serum levels
of cytokines and included the data within the multivari-
able linear regression models (Table 3, Supplementary
Table 3). Probably in response to COVID-19 pneumonia
and independently from vaccine administration, cyto-
kines levels appeared overall strongly correlated with
each other, in the three VAC groups (Fig. 3). No statisti-
cally significant differences were observed between vac-
cinated and not vaccinated patients (VAC,_ 5 vs. VAC ).
When considering the number of vaccination doses
(Supplementary Table 3), we found higher levels of GM-
CSF in VAC, vs. VAC,, (p=0.0250), meanwhile the pro-
inflammatory cytokine IFN-a appeared to be reduced in
VAC, vs. VAC,, (p=0.0388).

Both humoral and cellular immune response is influenced
by the virus variants driving pneumonia

Overall, Delta variant was the most representative in
VAC, (n=13/18, 72%), detected in 41% of VAC,, where-
ases undetected in VAC; (Table 1). We then evaluated
the impact of the type of variants (Delta vs. Omicron,
Table 4) using a multiple regression adjusted for vaccine
dose, age, gender and cancer. Delta infections were able
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Table 3 Multiple regressions for comparison of groups VAC, _ ; vs. VAC,, adjusted for age, gender and cancer. Tobit regression models
for IgG-N (index), IgM-S (index) and IgG-RBD-S (BAU/mL). Linear regression models for the other outcomes
VAG,,;3vs.VAC,,

Estimate Std.er. p-value
IgG-N (index) -1.6287 0.7961 0.0408
IgM-S (index) 0.2484 0.8002 0.7563
IgG-RBD-S (BAU/mL) 28312 0.9397 0.0026
IC50 229E -0.304 0342 0.381
IC50 HKU1 0.021 0.351 0.952
IC50 NL63 0.110 0382 0.775
IC50 DELTA 0,685 0311 0.034
IC50 BAT 1.982 0.949 0.044
IC50 BA4/5 0678 0315 0038
GM-CSF pg/ml 0527 0484 0.284
IFN-al pg/m! 0391 0.366 0.294
IFN-y pg/ml 0.036 0339 0915
IL-4 pg/ml 9587 14513 0513
IL-5 pg/ml 0.291 0.350 0411
IL-6 pg/ml -0.068 0.350 0.848
IL-10 pg/ml 0.053 0.839 0.950
IL-12p70 pg/ml 0132 0498 0.792
IL-17 A pg/ml 0.150 0518 0.774
TNF-a pg/ml 0.099 0.334 0.768
leukocytes 13392 8.054 0.106
B cells count 700.739 233339 0.005
B cells (% on CD45+) 1651 0637 0014
B activated (CD19+/CD27+/IgD-/CD21-) 0404 0314 0.209
B resting (CD19+/CD27+/IgD-/CD21+) 0277 0.643 0670
CD21low/CD38 low (CD19+/ CD21'°/CD38'°%) 0.027 0427 0.950
DN (CD19+/CD27-/IgD-) 0076 0461 0871
Marginal Zone (MZ) (CD19+/CD27+/IgD+) 0.107 0.299 0.724
Memory B cells (MB) (CD19+/CD27+/IgD-) -0.132 0.663 0.843
Naive B cells (CD19+/CD27-/IgD+/CD21-) 6.012 9631 0538
Plasmablast (CD19+/CD27+/IgM-/IgG-/CD38"") 2318 5.566 0.681
SWI (CD19+/CD27+/IgM-/1gG-) -0.070 0.703 0921
TLM (CD19+/CD27-/CD21-) 0123 0482 0.800
Trans B (CD19+/CD27-/ CD38M9N/CD24 Nah) 0.253 0.369 0.500
UNSWI (CD19+/CD27+/IgM+/1gG+) -0.296 0661 0658
CD4+T cells count 889.308 900.969 0.331
CD4+ (% of CD3+) 2434 7447 0.746
CM-CD4 (CD4+/CD45RA-/CCR7+) 4022 4497 0378
N-CD4 (CD4+/ CD45RA+ /CCR7+) -0.093 0371 0.804
EM-CD4 (CD4+/ CD45RA-/ CCR7-) 1461 5.256 0.783
TEMRA CD4 (CD4+/ CD45RA+/ CCR7+) 0.106 0.531 0844
CD4+/PD1-/CD57- 119.221 456438 0.796
CD4+/PD1-/CD57+ -0.072 0.271 0.791
CD4+/PD1+/CD57- 2,501 5742 0.666
CD4+/PD1+/CD57+ 0.085 0.563 0.880
CD4+/CD27-/CD28- -0.281 0.546 0610
CD4+/CD27-/CD28+ 3481 4,064 0.399
CD4+/CD27+/CD28- 0.259 0377 0498
CD4+/CD27+/CD28+ 2927 5969 0627
CD8+T cells count 1966.495 702.269 0.008
CD8+ (%of CD3+) 5442 7.070 0447

N-CD8 (CD8+/ CD45RA+ /CCR7+) -0.247 0.231 0.294
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Table 3 (continued)
VAG,,;3Vs.VAC,,
Estimate Std.er. p-value

CM-CD8 (CD8+/CD45RA-/CCR7+) -5.938 6.537 0.371
EM-CD8 (CD8+/ CD45RA-/ CCR7-) 3330 5416 0.543
TEMRA-CD8 (CD8+/ CD45RA+/ CCR7+) 0496 0677 0469
CD8+/CD57-/PD1- 2.609 3.056 0400
CD8+/CD57-/PD1+ -3.202 6.384 0.619
CD8+/CD57+/PD1- 0.128 0.701 0.857
CD8+/CD57+/PD1+ -2.653 5.087 0.606
CD8+/CD27-/CD28- -1.105 7444 0.883
CD8+/CD27-/CD28+ -0402 0.271 0.148
CD8+/CD27+/CD28- -0.745 1.936 0.703
CD8+/CD27+/CD28+ 4.998 7.074 0.485
Th1 (CD4+/CCR6- /CXCR3+); -3.974 4653 0400
Th17 (CD4+/CCR6+/ CCR4+) -0.178 0.393 0.654
Th17-1 (CD4+/CCR6+/CXCR3+) 0.627 0422 0.148
Th2 (CD4+/CCR6-/CCR4+) 0975 0.351 0.009
Treg (CD4+/CD25+/CD1 27'°%) 0.008 0.159 0.961

to elicit a higher humoral response in terms of IgM-S
(p=0.0301) and IC50 vs. Delta (p=0.0123), with a trend
for higher IgG-RBD-S (p=0.0715). Further, infections
with Delta also increased pro-inflammatory cytokines,
such as IFN-a (p=0.0463) and IL-6 (p=0.0010). Along-
side a trend for higher IgG-RBD-S in Delta, we also
observed an expansion in the B cells compartments,
including resting B cells (CD27+1gD-CD21+, p=0.0400)
and Switched B cells (CD27+IgD-IgM-, p=0.0176).
Together with an increase of pentamer a-specific IgM-S
in Delta infections, we reported higher levels of the naive
CD4 T cells (p=0.0025) and a decrease of the CD27-
(memory) CD4 T cells (p=0.0147). Helper CD4 and
CD8 populations did not appear to be affected by type of
variants.

Discussion

In this work, we explored the humoral, cellular and sol-
uble markers of immune response in aged patients with
COVID-19 pneumonia caused by Delta/Omicron vari-
ants. We showed that vaccination supported an elevated
anti-SARS-CoV-2 humoral and cellular response, regard-
less to age, gender or cancer history. The administra-
tion of three doses of vaccine, rather than two or none,
was more frequent in elderly individuals above 70 years
of age and was highly associated with less severe symp-
tomatology and higher survival rate. The virus variants
driving pneumonia played a central role in supporting
both the cellular and humoral response. Our study pro-
vides comprehensive immunological profiling of a cohort
of aged patients, which is unique because it does also
include non-vaccinated subjects that were hospitalized
for COVID-19 pneumonia.

A previous work explored the immunological fea-
tures during COVID-19 pneumonia in a population of
33 vaccine naive subjects above 70 years old compared
to younger individuals (<60 years) [6]. The authors
found that elderly population showed reduced capacity
to mount a proper anti-viral response that could drive
to more severe outcomes. In our cohort, we confirmed
that older individuals who did not receive vaccination
or only 2 doses experienced worse clinical outcome an
higher probability of death. On the other hand, we con-
firmed that completion of the vaccine schedule (3 vacci-
nation doses at the time of the study) was associated with
an efficient immune response and milder clinical out-
come, confirming general guidelines that seek to priori-
tise the elderly population for vaccination to avoid severe
COVID-19 symptoms [15].

Patients within our cohort experienced respiratory dis-
tress syndrome (ARDS) caused by SARS-CoV-2 infec-
tion. All had a positive clinical outcome, excluding two
patients over 70 years, one non-vaccinated and one that
did not complete the vaccination schedule, who did not
survive the infection, despite being initially assigned a
score in the range of the study group. Despite the simi-
lar clinical course, we observed differences driven by the
vaccination status (VAC,,, VAC,, VAC,,) that affected
the immune responses during natural infection.

Vaccinated individuals also had elevated levels of Th2
cells, which are known to prevent immune-driven lung
damage [35, 36]; this data is in line with others confirm-
ing the protective role of the vaccines towards worse
clinical outcomes [37-40]. Whilst plasma cytokines
appeared to be similar between vaccinated and non-
vaccinated individuals, when stratifying the population
according to the number of vaccine doses, we could make
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Fig. 1 Levels of SARS-CoV-2 specific antibodies and neutralizing activity. The dashed lines represent the cutoff values. p-values correspond to the com-
parison against the group VACno adjusted for age, gender and cancer. Tobit regression models for IgG-N (index), IgM-S (index) and IgG-RBD-S (BAU/mL).
Linear regression models for the other outcomes. Full statistics report is available in Table 2 and Supplementary Table 2.

some observations. First, the levels of GM-CSF, which is
known to be associated with virus clearance from lungs,
[36] were significantly higher in VAC, but not in VAC,
compared to VAC_ . Second, the levels of the pro-inflam-
matory cytokine IFN-a were significantly reduced in
VAC,; vs. VAC, . As an expected consequence of the vac-
cination, VAC, , 5 individuals showed higher anti-SARS-
CoV-2 humoral response levels and expansion of B and
CD8 cell populations, which appeared to be independent
of age, gender or cancer history.

Neither vaccination nor variants driving infection had
an impact on the neutralization activity vs. human sea-
sonal coronaviruses. On the other hand, we observed dif-
ferences in the anti-SARS-CoV2 humoral response when
looking independently at VAC, and VAC, vs. VAC,,
which could be explained by the intrinsic variability of
the group, vaccine doses or it could be attributed to the
variants driving pneumonia, considering that majority

of VAC, were infected with Delta virus and VAC; with
Omicron virus. Thus, we explored whether virus variants
driving pneumonia could impact the immune responses,
including humoral, cellular and soluble markers. Com-
pared to VAC,, VAC, group (Delta infections) but not
VAC; (Omicron infections) showed higher anti-SARS-
CoV-2 IgG levels. Whilst this could be attributed to pos-
sible immune tolerance driven by multiple doses [14], we
previously demonstrated that Delta viruses are associ-
ated with anti-RBD-IgG/neutralizing antibodies against
Wuhan [34]. Our analysis confirmed that infections with
Delta are not only capable of eliciting a higher immune
humoral response, but they also support an increase in
the B cell compartments (resting and switched).

In line with previous studies, we found that Omicron
variant (mainly detected in VAC;) had proportion-
ally lower production of circulating anti-RBD-S IgG
and higher levels of IgG-N antibodies. This could be a
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reflection of the spike epitope immune escape mecha-
nisms adopted by Omicron virus, which does also lead
to an increment of CD8 T-cells (mainly cytotoxic) that
we observed consistently with others [40, 41]. Consis-
tently with the knowledge that Delta is more aggressive
towards lung tissue than Omicron [42-44], we found
that GM-CSF and IFN-a levels are higher in Delta vs.

Omicron. Furthermore, whilst we reported above that
variants could have an impact on the distribution of some
cell populations, we observed that Th2 cells, which are
associated with prevention from lung damage, were not
affected by virus variants, but only a consequence of the
vaccination, confirming again the protective role of vac-
cination against worse clinical outcome.
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Table 4 Multiple regressions for comparison of Omicron and Delta, adjusted for vaccine doses, age, gender and cancer. Tobit
regression models for IgG-N (index), IgM-S (index) and IgG-RBD-S (BAU/mL). Linear regression models for the other outcomes

Delta vs. Omicron

Outcome Estimate Std.er. p-value
IgG-N (index) 06217 0.7509 04077
IgM-S (index) 15062 06943 0.0301
IgG-RBD-S (BAU/mL) 15130 0.8395 0.0715
IC50 229E 0.2817 03223 0.3879
IC50 HKU1 04711 0.3242 0.1551
IC50 NL63 0.3086 0.3594 0.3963
IC50 DELTA 07124 0.2698 00123
IC50 BAT 05759 0.8979 0.5254
IC50 BA4/5 12422 0.9360 0.1931
GM-CSF pg/ml 04751 0.3420 0.1744
IFN-al pg/m! 0.6852 0.3305 0.0463
IFN-y pg/ml 01774 0.3240 0.5879
IL-4 pg/ml 14.1453 137252 03105
IL-5 pg/ml 0.2850 0.3324 0.3976
IL-6 pg/ml 16181 04454 0.0010
IL-10 pg/ml 13452 0.7703 0.0903
IL-12p70 pg/ml 05763 04677 0.2269
IL-17 A pg/ml 0.8790 04731 0.0724
TNF-a pg/ml 0.3995 03129 0.2109
leukocytes -2.9011 7.8949 0.7156
B cells count 269.8776 2243362 0.2375
B cells (% on CD45+) 0.7588 06113 0.2232
B activated (CD19+/CD27+/IgD-/CD21-) 00173 03028 0.9548
B resting (CD19+/CD27+/IgD-/CD21+) 09019 04162 0.0400
CD21low/CD38 low (CD19+/ CD21'°/CD38'°%) 0.6866 0.3888 0.0896
DN (CD19+/CD27-/IgD-) 04834 04337 0.2757
Marginal Zone (MZ) (CD19+/CD27+/IgD+) -0.1516 0.2872 0.6024
Memory B cells (MB) (CD19+/CD27+/IgD-) 0.6686 0.3927 0.1011
Naive B cells (CD19+/CD27-/IgD+/CD21-) 7.1532 9.1820 04433
Plasmablast (CD19+/CD27+/IgM-/IgG-/CD38"") 7.5426 5.1543 0.1558
SWI (CD19+/CD27+/IgM-/1gG-) 0.9232 03633 00176
TLM (CD19+/CD27-/CD21-) -0.7770 04384 0.0885
Trans B (CD19+/CD27-/ CD38M9N/CD24 Nah) -0.0005 0.3564 0.9988
UNSWI (CD19+/CD27+/IgM+/1gG+) -1.7455 47323 0.7154
CD4+T cells count 786.8960 8743323 0.3746
CD4+ (% of CD3+) 106719 7.0755 0.1410
CM-CD4 (CD4+/CD45RA-/CCR7+) 0.2753 43295 0.9497
N-CD4 (CD4+/ CD45RA+ /CCR7+) 134578 40624 0.0025
EM-CD4 (CD4+/ CD45RA-/ CCR7-) -12.8855 44594 0.0072
TEMRA CD4 (CD4+/ CD45RA+/ CCR7+) 02333 0.5096 0.6505
CD4+/PD1-/CD57- 145185 5.5581 0.0141
CD4+/PD1-/CD57+ -0.3390 0.2534 0.1913
CD4+/PD1+/CD57- -9.2431 5.2551 0.0891
CD4+/PD1+/CD57+ -0.8698 05173 0.1034
CD4+/CD27-/CD28- -0.9335 04966 0.0702
CD4+/CD27-/CD28+ -9.1499 3.5254 0.0147
CD4+/CD27+/CD28- -0.3853 0.3559 0.2879
CD4+/CD27+/CD28+ 15239 50018 0.0049
CD8+T cells count -1262.3090 653.8846 0.0622
CD8+ (%of CD3+) -8.1591 6.7983 0.2386

N-CD8 (CD8+/ CD45RA+ /CCR7+) 0.0348 0.2200 0.8753
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Table 4 (continued)

Page 13 of 15

Delta vs. Omicron

CM-CD8 (CD8+/CD45RA-/CCR7+)
EM-CD8 (CD8+/ CD45RA-/ CCR7-)
TEMRA-CDS8 (CD8+/ CD45RA+/ CCR7+)
CD8+/CD57-/PD1-

CD8+/CD57-/PD1+
CD8+/CD57+/PD1-
CD8+/CD57+/PD1+
CD8+/CD27-/CD28-
CD8+/CD27-/CD28+
CD8+/CD27+/CD28-~
CD8+/CD27+/CD28+

Th1 (CD4+/CCR6- /CXCR3+);

Th17 (CD4+/CCR6+/ CCRA+)

Th17-1 (CD4+/CCR6+/CXCR3+)

Th2 (CD4+/CCR6-/CCRA+)

Treg (CD4+/CD25+/CD127'°%)

-8.3449 6.0393 0.1772
0.5504 5.1589 0.9157
0.7101 06322 0.2703
-1.1609 29039 0.6922
1.2502 6.0777 0.8384
-0.2581 0.6660 0.7011
1.8455 4.8351 0.7054
-5.2644 70267 04596
-0.4830 0.2425 0.0555
-1.2794 1.8300 0.4899
9.8105 6.4971 0.1415
-1.9562 44188 06612
-0.1706 0.3736 06512
0.3190 0.3979 0.4290
0.0029 0.3346 0.9931
-0.0103 0.1517 0.9463

This study presents some limitations that deserve dis-
cussion. First, the sample size was small and analysed
cross-sectionally, thus subjected to casualties. Second,
our study lacked a control group of vaccinated/non vac-
cinated subjects with COVID-19 mild disease without
pneumonia, which could have helped to better define the
impact of vaccination on preventing severe clinical out-
come. Third, which is common to other similar studies,
is the lack of clinical history before hospitalisation and
thus the inability to accurately estimate timing of infec-
tion which can have an impact on the humoral response
dynamic. Further and similarly to other studies, patients
were treated with corticosteroids which may have an
impact on the measured immune markers; however,
administration was provided according to clinical prac-
tice to all patients and blood was collected after maxi-
mum 2 days. It is reasonable to think that the exposure
to corticosteroids was similar in all patients and thus the
putative impact of corticosteroids was negligible. Last
point that deserves to be mentioned is that would have
been interesting to explore in vitro activation towards
SARS-CoV-2 specific peptides but considering that
patients were treated with corticosteroids before sample
collection, this approach was not feasible due to poor via-
bility of the cells after resting.

Conclusions

The present study indicates that vaccination was protec-
tive of worse clinical outcome in individuals older than
70 years, that virus variants driving infection has a direct
impact on the shape of the immune response and the set
of data presented in this work can guide future studies
on the impact of variants on the disease progression and
outcome.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-024-05556-2.

Supplementary Material 1

Supplementary Material 2

Acknowledgements

We are grateful to the staff of the Ospedale San Raffaele (Italy) and to the
participants for their generous contribution. We thank Gabriel Siracusano for
contributing to data collection.

Author contributions

AR, CP supervised data collection and analysis and wrote the manuscript.

LL designed the study, supervised data collection and analysis, and revised
the manuscript. CS and NG performed the flow cytometry data, with

the contribution of AM. CPa processed samples and contributed to data
collection. FC and CB performed the statistical analysis, under the supervision
of MSdS. TF, MMN, NT produced the neutralizing assays. ST and ER processing
samples. CUF managed patients’ recruitment and data collection. All authors
provided input into the analysis and revised the manuscript.

Funding

AR is supported by the Fondo Universitario della Ricerca (FUR, 2023), the MUR
2023/2027 Department of Excellence and the PRIN 2022 (NextGenerationEU,
MUR n. 972, CUP B53D23003290001). LL was supported by the Scientific
Direction of San Raffaele Scientific Institute (Immuno-COVID) and ANR France
(MUCOLUNG). IRCCS Sacro Cuore Don Calabria Hospital was supported by EU
funding within the MUR PNRR Extended Partnership initiative on Emerging
Infectious Diseases (Project no. PEO0000007, INF-ACT), and by Italian Ministry
of Health “Fondi Ricerca Corrente” project L1P6. The funding sources had no
role in the development of this study.

Data availability
Complete data set is available in Zenodo upon request.

Declarations

Ethics approval and consent to participate

The study was approved by San Raffaele Institutional Ethical Committee
in date 14/04/2020, within the non-interventional study “lImmCQOVID" and
all patients were treated according to Institutional programs upon written
informed consent.


https://doi.org/10.1186/s12967-024-05556-2
https://doi.org/10.1186/s12967-024-05556-2

Alessandra et al. Journal of Translational Medicine (2024) 22:755

Consent for publication
All authors have read and approved the manuscript.

Competing interests
Authors have no interests to declare.

Author details

‘Department of Neuroscience, Biomedicine and Movement Sciences,
University of Verona, Verona, Italy

2Depar‘[ment of Infectious, Tropical Diseases and Microbiology, IRCCS
Sacro Cuore Don Calabria Hospital, Verona, Negrar, Italy

3Division of Immunology, Transplantation and Infectious Disease,
Immunobiology of HIV Group, IRCCS San Raffaele Scientific Institute,
Milan, Italy

“University Centre of Statistics in the Biomedical Sciences, Vita-Salute San
Raffaele University, Milan, Italy

*Viral Pseudotype Unit, Medway School of Pharmacy, Universities of Kent
and Greenwich, Chatham, UK

SInfectious Diseases Clinic, IRCCS San Raffaele Scientific Institute, Milan,
Italy

Received: 5 June 2024 / Accepted: 29 July 2024
Published online: 12 August 2024

References

1. Billingsley S, Brandén M, Aradhya S, Drefahl S, Andersson G, Mussino E.
COVID-19 mortality across occupations and secondary risks for elderly
individuals in the household: a population register-based study. Scand J Work
Environ Health. 2022;48:52-60.

2. Brandén M, Aradhya S, Kolk M, Harkonen J, Drefahl S, Malmberg B, et al.
Residential context and COVID-19 mortality among adults aged 70 years
and older in Stockholm: a population-based, observational study using
individual-level data. Lancet Healthy Longev. 2020;1:e80-8.

3. Crooke SN, Ovsyannikova |G, Poland GA, Kennedy RB, Immunosenescence. A
systems-level overview of immune cell biology and strategies for improving
vaccine responses. Exp Gerontol. 2019;124:110632.

4. FulopT, Larbi A, Dupuis G, Le Page A, Frost EH, Cohen AA, et al. Immunose-
nescence and Inflamm-Aging as two sides of the same Coin: friends or foes?
Front Immunol. 2018;8:1960.

5. Cunha LL, Perazzio SF, Azzi J, Cravedi P, Riella LV. Remodeling of the Immune
Response with Aging: Immunosenescence and its potential impact on
COVID-19 Immune response. Front Immunol. 2020;11:1748.

6.  LoTartaro D, Neroni A, Paolini A, Borella R, Mattioli M, Fidanza L, et al. Molecu-
lar and cellular immune features of aged patients with severe COVID-19
pneumonia. Commun Biol. 2022;5:590.

7. YuM, Charles A, Cagigi A, Christ W, Osterberg B, Falck-Jones S, et al. Delayed
generation of functional virus-specific circulating T follicular helper cells cor-
relates with severe COVID-19. Nat Commun. 2023;14:2164.

8.  Ferreira IATM, Lee CYC, Foster WS, Abdullahi A, Dratva LM, Tuong ZK; et al.
Atypical B cells and impaired SARS-CoV-2 neutralization following heterolo-
gous vaccination in the elderly. Cell Rep. 2023;42:112991.

9. Mazzoni A, Vanni A, Spinicci M, Lamacchia G, Kiros ST, Rocca A, et al. SARS-
CoV-2 infection and vaccination trigger long-lived B and CD4 +T lympho-
cytes with implications for booster strategies. J Clin Invest. 2022;132:157990.

10.  Jeffery-Smith A, Burton AR, Lens S, Rees-Spear C, Davies J, Patel M, et al.
SARS-CoV-2-specific memory B cells can persist in the elderly who have lost
detectable neutralizing antibodies. J Clin Invest. 2022;132:e152042.

11. Yam-Puc JC, Hosseini Z, Horner EC, Gerber PP, Beristain-Covarrubias N,
Hughes R, et al. Age-associated B cells predict impaired humoral immunity
after COVID-19 vaccination in patients receiving immune checkpoint block-
ade. Nat Commun. 2023;14:3292.

12. Hoang TNA, Quach H-L, Hoang VN, Tran VT, Pham QT, Vogt F. Assessing
the robustness of COVID-19 vaccine efficacy trials: systematic review and
meta-analysis, January 2023. Eurosurveillance [Internet]. 2023 [cited 2024
Jan 221;28. https://www.eurosurveillance.org/content/10.2807/1560-7917.
£5.2023.28.22.2200706.

13. Van Ewijk CE, Kooijman MN, Fanoy E, Raven SF, Middeldorp M, Shah A et al.
COVID-19 vaccine effectiveness against SARS-CoV-2 infection during the
Delta period, a nationwide study adjusting for chance of exposure, the Neth-
erlands, July to December 2021. Eurosurveillance [Internet]. 2022 [cited 2024

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Page 14 of 15

Jan 221;27. https://www.eurosurveillance.org/content/10.2807/1560-7917.
£5.2022.27.452200217.

Liu H-H, Xie Y, Yang B-P, Wen H-Y, Yang P-H, Lu J-E, et al. Safety, immunoge-
nicity and protective effect of sequential vaccination with inactivated and
recombinant protein COVID-19 vaccine in the elderly: a prospective longitu-
dinal study. Sig Transduct Target Ther. 2024;9:129.

Collier DA, Ferreira IATM, Kotagiri P, Datir RP, Lim EY, Touizer E, et al. Age-
related immune response heterogeneity to SARS-CoV-2 vaccine BNT162b2.
Nature. 2021,596:417-22.

Singh C, Naik BN, Pandey S, Biswas B, Pati BK, Verma M, et al. Effectiveness of
COVID-19 vaccine in preventing infection and disease severity: a case-control
study from an Eastern State of India. Epidemiol Infect. 2021;149:e224.
Rahmani K, Shavaleh R, Forouhi M, Disfani HF, Kamandi M, Oskooi RK, et al.
The effectiveness of COVID-19 vaccines in reducing the incidence, hospital-
ization, and mortality from COVID-19: a systematic review and meta-analysis.
Front Public Health. 2022;10:873596.

Bajpai J, Kant S, Verma A, Patwa AK, Atam V, Chaudhary SC et al. The Severity
of COVID 19 Pneumonia in Vaccinated vs. Non-vaccinated Patients in the
Second Wave: An Experience From a Tertiary Care Center in India. Cureus
[Internet]. 2022 [cited 2024 Jan 22]; https://www.cureus.com/articles/96590-
the-severity-of-covid-19-pneumonia-in-vaccinated-vs-non-vaccinated-
patients-in-the-second-wave-an-experience-from-a-tertiary-care-center-in-
india

Balducci M, Locatelli E, Barbieri MG, Ferrighi E, Scardina S, Barrile G et al.
SARS-CoV-2 vaccination and risk of infectious diseases in hospitalized older
patients. Eur Geriatr Med [Internet]. 2024 [cited 2024 Jan 22]; https://link.
springer.com/https://doi.org/10.1007/541999-023-00902-x
https://www.who.int/publications/i/item/diagnostic-testing-for-sars-cov-2.
WHO/2019-nCoV/laboratory/20206

Marcolungo L, Beltrami C, Degli Esposti C, Lopatriello G, Piubelli C, Mori A, et
al. ACoRE: Accurate SARS-CoV-2 genome reconstruction for the characteriza-
tion of intra-host and inter-host viral diversity in clinical samples and for the
evaluation of re-infections. Genomics. 2021;113:1628-38.

Marshall JC, Murthy S, Diaz J, Adhikari NK, Angus DC, Arabi YM, et al. A mini-
mal common outcome measure set for COVID-19 clinical research. Lancet
Infect Dis. 2020;20:2192-7.

https.//www.epicentro.iss.it/coronavirus/
sars-cov-2-monitoraggio-varianti-rapporti-periodici
https://www.iss.it/documents/20126/0/Report_flashVarianti_14gennaio22.
pdf/b44b1a7d-a0c1-67fd-44b7-34c8b775c0887t=1642159062435

ChiaWN, Zhu F, Ong SWX, Young BE, Fong S-W, Le Bert N, et al. Dynamics of
SARS-CoV-2 neutralising antibody responses and duration of immunity: a
longitudinal study. Lancet Microbe. 2021;2:¢240-9.

Piubelli C, Ruggiero A, Calciano L, Mazzi C, Castilletti C, Tiberti N, et al.
Subjects who developed SARS-CoV-2 specific IgM after vaccination show a
longer humoral immunity and a lower frequency of infection. eBioMedicine.
2023;89:104471.

Caldrer S, Mazzi C, Bernardi M, Prato M, Ronzoni N, Rodari P, et al. Regulatory T
Cells as predictors of clinical course in hospitalised COVID-19 patients. Front
Immunol. 2021;12:789735.

Ruggiero A, Piubelli C, Calciano L, Accordini S, Valenti MT, Carbonare LD, et
al. SARS-CoV-2 vaccination elicits unconventional IgM specific responses

in naive and previously COVID-19-infected individuals. EBioMedicine.
2022;77:103888.

Xue J-H, Wang Y-J, Li W, Li Q-L, Xu Q-Y, Niu J-J, et al. Anti-receptor-binding
domain immunoglobulin G antibody as a predictor of Seropositivity for Anti-
SARS-CoV-2 neutralizing antibody. Arch Pathol Lab Med. 2022;146:814-21.
Siracusano G, Ruggiero A, Bisoffi Z, Piubelli C, Carbonare LD, Valenti MT, et al.
Different decay of antibody response and VOC sensitivity in naive and previ-
ously infected subjects at 15 weeks following vaccination with BNT162b2. J
Transl Med. 2022;20:22.

Ferrara F, Temperton N. Pseudotype neutralization assays: from Laboratory
Bench to Data Analysis. Methods Protocols. 2018;1:8.

Genova C, Sampson A, Scott S, Cantoni D, Neto M, Bentley E et al. Produc-
tion, Titration, Neutralisation, Storage and Lyophilisation of Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Lentiviral Pseudotypes.
BIO-PROTOCOL [Internet]. 2021 [cited 2024 Jan 22];11. https://bio-protocol.
org/e4236

Ranzenigo M, Pastori C, Siracusano G, Pariani E, Uberti-Foppa C, Lopalco L.
Virological and serological discordant profiles in COVID-19 pneumonia: two
atypical clinical cases. Front Immunol. 2020;11:580867.


https://www.eurosurveillance.org/content/10.2807/1560-7917.ES
https://www.eurosurveillance.org/content/10.2807/1560-7917.ES
https://www.eurosurveillance.org/content/10.2807/1560-7917.ES
https://www.eurosurveillance.org/content/10.2807/1560-7917.ES
https://www.cureus.com/articles/96590-the-severity-of-covid-19-pneumonia-in-vaccinated-vs-non-vaccinated-patients-in-the-second-wave-an-experience-from-a-tertiary-care-center-in-india
https://www.cureus.com/articles/96590-the-severity-of-covid-19-pneumonia-in-vaccinated-vs-non-vaccinated-patients-in-the-second-wave-an-experience-from-a-tertiary-care-center-in-india
https://www.cureus.com/articles/96590-the-severity-of-covid-19-pneumonia-in-vaccinated-vs-non-vaccinated-patients-in-the-second-wave-an-experience-from-a-tertiary-care-center-in-india
https://www.cureus.com/articles/96590-the-severity-of-covid-19-pneumonia-in-vaccinated-vs-non-vaccinated-patients-in-the-second-wave-an-experience-from-a-tertiary-care-center-in-india
https://link.springer.com/
https://link.springer.com/
https://doi.org/10.1007/s41999-023-00902-x
http://www.who.int/publications/i/item/diagnostic-testing-for-sars-cov-2
http://www.epicentro.iss.it/coronavirus/sars-cov-2-monitoraggio-varianti-rapporti-periodici
http://www.epicentro.iss.it/coronavirus/sars-cov-2-monitoraggio-varianti-rapporti-periodici
http://www.iss.it/documents/20126/0/Report_flashVarianti_14gennaio22.pdf/b44b1a7d-a0c1-67fd-44b7-34c8b775c088?t=1642159062435
http://www.iss.it/documents/20126/0/Report_flashVarianti_14gennaio22.pdf/b44b1a7d-a0c1-67fd-44b7-34c8b775c088?t=1642159062435
https://bio-protocol.org/e4236
https://bio-protocol.org/e4236

Alessandra et al. Journal of Translational Medicine

34.

35.

36.

37.
38.

39.

40.

(2024) 22:755

Caldrer S, Accordini S, Mazzi C, Tiberti N, Deiana M, Matucci A, et al. Changes
in the Adaptive Cellular Repertoire after infection with different SARS-CoV-2
VOCs in a cohort of Vaccinated Healthcare workers. Vaccines. 2024;12:230.
Liu X, Han J, Cui R, Peng M, Song H, Li R, et al. The Promotion of Humoral
Immune responses in humans via SOCS1-Mediated Th2-Bias following SARS-
CoV-2 vaccination. Vaccines. 2023;11:1730.

Leavis HL, Van De Veerdonk FL, Murthy S. Stimulating severe COVID-

19: the potential role of GM-CSF antagonism. Lancet Respiratory Med.
2022,10:223-4.

Aspinall R. Age-related changes in the function of T cells. Microscopy Res
Technique. 2003;62:508-13.

SchmittV, Rink L, Uciechowski P. The Th17/Treg balance is disturbed during
aging. Exp Gerontol. 2013;48:1379-86.

Bajaj V, Gadi N, Spihiman AP, Wu SC, Choi CH, Moulton VR. Aging, immunity,
and COVID-19: how Age influences the host Immune Response to Coronavi-
rus infections? Front Physiol. 2021;11:571416.

De Marco L, D'Orso S, Pirronello M, Verdiani A, Termine A, Fabrizio C, et al.
Assessment of T-cell reactivity to the SARS-CoV-2 Omicron variant by immu-
nized individuals. JAMA Netw Open. 2022;5:¢2210871.

41.

42.

43.

Page 15 of 15

Muiller TR, Sekine T, Trubach D, Niessl J, Olofsson A, Gao Y, et al. Anamnestic
expansion of Omicron-reactive CD8+T cells after booster SARS-CoV-2
mMRNA vaccination across different immunocompromised states. J Immunol.
2023;210:7516-7516.

Sigal A, Milo R, Jassat W. Estimating disease severity of Omicron and Delta
SARS-CoV-2 infections. Nat Rev Immunol. 2022;22:267-9.

Hui KPY, Ho JCW, Cheung M, Ng K, Ching RHH, Lai K, et al. SARS-CoV-2
Omicron variant replication in human bronchus and lung ex vivo. Nature.
2022;603:715-20.

Meng B, Abdullahi A, Ferreira IATM, Goonawardane N, Saito A, Kimura |, et
al. Altered TMPRSS2 usage by SARS-CoV-2 omicron impacts infectivity and
fusogenicity. Nature. 2022;603:706-14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



