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Association between SARS-CoV-2 RNAemia, skewed
T cell responses, inflammation, and severity

in hospitalized COVID-19 people living with HIV

Matteo Augello, Valeria Bono,’ Roberta Rovito," Camilla Tincati," Silvia Bianchi,” Lucia Taramasso,®
Antonio Di Biagio,** Annapaola Callegaro,® Franco Maggiolo,® Elisa Borghi,” Antonella d’Arminio Monforte,’
and Giulia Marchetti’/*

SUMMARY

Severe COVID-19 outcomes have been reported in people living with HIV (PLWH), yet the underlying
pathogenetic factors are largely unknown. We therefore aimed to assess SARS-CoV-2 RNAemia and
plasma cytokines in PLWH hospitalized for COVID-19 pneumonia, exploring associations with magnitude
and functionality of SARS-CoV-2-specific immune responses.

Eighteen unvaccinated PLWH (16/18 on cART; median CD4 T cell count 361.5/uL; HIV-RNA<50 cp/mL in
15/18) and 18 age/sex-matched people without HIV were consecutively recruited at a median time of
10 days from symptoms onset. PLWH showed greater SARS-CoV-2 RNAemia, a distinct plasma cytokine
profile, and worse respiratory function (lower P,O,/F,O, nadir), all correlating with skewed T cell re-
sponses (higher perforin production by cytotoxic T cells as well as fewer and less polyfunctional SARS-
CoV-2-specific T cells), despite preserved humoral immunity.

In conclusion, these data suggest a link between HIV-related T cell dysfunction and poor control over
SARS-CoV-2 replication/dissemination that may in turn influence COVID-19 severity in PLWH.

INTRODUCTION

People living with HIV (PLWH) may display an increased risk of severe COVID-19 outcomes,'~'? yet the underlying pathogenetic factors have
not been fully characterized.

The pathogenesis of severe COVID-19 in the general population has been associated to both host factors, among which altered immune
responses and exacerbated inflammation, as well as viral factors, such as SARS-CoV-2 dissemination outside the respiratory tract into the
bloodstream.'”

While neutralizing antibodies protect from SARS-CoV-2 infection, a prompt and coordinated development of both T-cellular and humoral
immunity is required to control viral replication and to protect from severe disease.'>** Since HIV infection is characterized by a profound
disruption of the innate and adaptive immune system,”>> concerns regarding the ability of PLWH to mount an adequate response to
SARS-CoV-2 have arisen since the beginning of the pandemic. Nonetheless, studies assessing SARS-CoV-2-specific adaptive immunity in
PLWH are limited and yielded inconsistent findings,”*“~° yet overall suggesting that it may be less efficient than in the general population,
especially in individuals with low CD4 T cell counts and uncontrolled HIV viremia. However, such studies mainly focused on PLWH recovered
from mild COVID-19,7°***? with only few evaluating immune responses during the acute phase of severe disease.”* Moreover, the majority
of studies focused on humoral immunity, while SARS-CoV-2-specific T cell responses have been less consistently investigated in
PLWH 26:27.33-36

Elevated plasma concentrations of proinflammatory cytokines have been shown to associate with a higher clinical severity and mortality in
individuals with COVID-19.""* Given that HIV infection elicits a chronic hyperinflammatory state,”®*” it may be speculated that such HIV-
driven inflammation may further worsen COVID-19-related cytokine storm. However, an opposite model could also be speculated, in which
the HIV-driven immune deficit may shelter PLWH from COVID-19-related immunopathology. Nevertheless, data concerning the cytokine
storm during COVID-19 in PLWH are scarce and conflicting.? %340
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Poor control of SARS-CoV-2 replication/dissemination, as estimated through SARS-CoV-2 RNAemia,”’ > has been associated with blunt-
ed SARS-CoV-2-specificimmune responses,”’”*~° heightened inflammation,*>*” higher markers of tissue damage,”® as well as worse clinical
severity and outcomes.””>’~%? Several cases of prolonged SARS-CoV-2 infection with delayed viral clearance in the upper respiratory tract has
been reported in PLWH with severe T cell depletion,** ™’ suggesting that T cell dysfunction may hamper viral control. Nonetheless, the role of
SARS-CoV-2 RNAemia in the pathogenesis of COVID-19 in PLWH has not been determined.

We hereby assessed SARS-CoV-2 RNAemia and the plasma cytokine milieu in a cohort of unvaccinated PLWH hospitalized for acute
COVID-19 pneumonia as compared to HIV-negative individuals, and explored their association with the magnitude and functionality of
SARS-CoV-2-specific T cell and humoral responses.

RESULTS

Study design and population

In this cross-sectional study, 18 SARS-CoV-2-unvaccinated PLWH and 18 age- and sex-matched HIV-negative individuals hospitalized for
acute COVID-19 pneumonia were consecutively enrolled between March 2020 and January 2021 at one of the participating Infectious Dis-
eases centers in Northern Italy, at a median time of 10 (IQR: 6.75-13) days after symptoms onset.

Participants characteristics are reported in Table 1. The two study groups were comparable in terms of age [60 (IQR: 48-67) years], sex,
ethnicity, and comorbidities. PLWH had a lower arterial partial pressure of oxygen (P,O,)/fraction of inspired oxygen (F,O,) nadir (p =
0.0005) compared to HIV-negative individuals. One in-hospital death (5.6%) was registered among PLWH compared to no one in the HIV-
negative control group, yet the difference was not statistically significant.

HIV-related characteristics of PLWH are summarized in Table 2. Sixteen (88.9%) of them were on combination antiretroviral therapy (cART),
while two were cART-naive since HIV and SARS-CoV-2 infection were diagnosed concurrently. Median CD4 T cell count was 361.5 (IQR: 210.3-
653.5) cells/uL, with a median CD4/CD8 ratio of 0.4 (IQR: 0.11-1.1). Plasma HIV-RNA was undetectable (<50 copies/mL) in 15 (83.3%) PLWH.
Five (27.8%) had a previous AIDS diagnosis, and median CD4 T cell nadir was 59 (IQR: 12.5-331.3) cells/uL.

Higher SARS-CoV-2 RNAemia in PLWH

Firstly, we investigated plasma SARS-CoV-2 RNAemia to estimate whether PLWH hospitalized for acute COVID-19 pneumonia experienced a
greater systemic dissemination of the virus compared to the HIV-negative individuals.>*

PLWH displayed a significantly higher RNAemia [3.796 (IQR: 3.361-4.591) logqo copies/mL] than HIV-negative individuals [0 (IQR: 0-1.073)
log1o copies/mL] (p < 0.0001) (Figure 1A).

Of note, SARS-CoV-2 RNAemia negatively correlated with CD4 T cell percentages (r = —0.6737, p < 0.0001) yet positively with CD8 T cell
frequencies (r = 0.4164, p = 0.0178) (Figures 1B and 1C). Furthermore, a negative correlation with P,O,/F,O, nadir was observed (r = —0.7016,
p < 0.001).

Taken together, these data suggest that PLWH with COVID-19 pneumonia, especially those with an imbalanced immune system and
impaired respiratory function, have a limited control of SARS-CoV-2 replication/dissemination.

Distinct plasma cytokine profile in PLWH
Next, we aimed to investigate whether PLWH also had an exacerbated cytokine storm compared to the HIV-negative individuals by
measuring a panel of 12 plasma cytokines with a commercially available cytometric bead array (CBA).

To this end, we firstly performed a principal component analysis (PCA) in order to examine the influence of all the cytokines simultaneously
in detecting patterns of cytokine variation between the two study groups. We thereby found a clear separation between PLWH and HIV-nega-
tive individuals based on the principal component (PC) scores (Figure 2A). The loading values assessment displayed distinct cytokines clusters
(Figure 2B), suggesting that some of them had a prominent effect in determining between-group differences.

To specifically define the contribution of each cytokine, they were next analyzed singularly. Compared to HIV-negative individuals, PLWH
showed higher plasma concentrations of granulocyte-macrophage colony-stimulating factor (GM-CSF) (p = 0.0005), IL-4 (p = 0.0010), IL-5 (o =
0.0381), IL-17A (p = 0.0440), and TNF-a (p = 0.0017) (Figures 2C, 2G, 2H, 2M, and 2N). By contrast, plasma IL-2 and IL-9 were lower in PLWH
(p < 0.0001) (Figures 2F and 2J). Plasma IFN-a., IFN-y, IL-6, IL-10, and IL-12p70 were detected at similar levels in the two groups (Figures 2D, 2E,
21, 2K, and 2L).

SARS-CoV-2 RNAemia positively correlated with plasma GM-CSF, IL-4, and TNF-a, while negatively with IL-2 and IL-9. Likewise, P,O,/F,O,
nadir positively correlated with plasma GM-CSF, IL-4, and TNF-a, yet negatively with IL-9 (Figure 3; Table S1).

Altogether, these data indicate that, compared to HIV-negative individuals, PLWH with acute COVID-19 pneumonia have a distinct plasma
cytokine pattern with higher levels of GM-CSF, TNF-g,, IL-4, IL-5, and IL-17A, yet low circulating IL-2 and IL-9. This peculiar cytokine profile is
associated with a poor control of SARS-CoV-2 replication/dissemination and a worse clinical severity in PLWH.

Comparable T cell activation yet higher perforin production by pro-cytolytic T cells in PLWH

Having shown in PLWH a greater SARS-CoV-2 RNAemia with a distinct plasma cytokine profile, we next aimed to assess T cell activation and
pro-cytolytic phenotypes via flow cytometric analysis of peripheral blood mononuclear cells (PBMCs).
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Table 1. Demographic and clinical characteristics of study participants

All study population p value HIV+
(n=36) HIV+ (n = 18) HIV-(n = 18) vs. HIV-*
Age, years [median (IQR)] 60 (48-67) 60 (49-67) 60 (47-66) 0.7843
Sex [n (%)] >0.9999
Male 28 (77.8) 14 (77.8) 14 (77.8)
Female 8(22.2) 4(22.2) 4(22.2)
Ethnicity [n (%)] 0.0903
Caucasian 28 (77.8) 15 (83.3) 13(72.2)
Latin-American 6(16.7) 1(5.6) 5(27.8)
African 2 (5.5) 2(11.1) 0(0)
Comorbidities [n (%)]
Hypertension 14 (38.9) 9 (50) 5(27.8) 0.3053
Chronic heart disease 9 (25) 4(22.2) 5(27.8) >0.9999
Chronic pulmonary disease 2 (5.5) 1(5.6) 1(5.6) >0.9999
Chronic kidney disease 4(11.1) 3(75) 1(25) 0.6026
Liver disease 6(16.7) 5(27.8) 1(5.6) 0.1774
Diabetes 8 (22.2) 2(11.1) 6(33.3) 0.2285
Neurologic disease 5(13.9) 4(22.2) 1(5.6) 0.3377
History of cancer 7 (19.4) 5(27.8) 2(11.1) 0.4018
Symptoms at hospital admission [n (%)]
Fever 32(88.9) 15 (83.3) 17 (94.4) 0.6026
Fatigue 15 (41.7) 7 (38.9) 8 (44.4) >0.9999
Arthromyalgia 5(13.9) 3(16.7) 2(11.1) >0.9999
Cough 18 (50) 6(33.3) 12 (66.7) 0.0943
Dyspnea 25 (69.4) 11(61.1) 14 (77.8) 0.4705
Diarrhea 12 (33.3) 4(22.2) 8 (44.4) 0.2890
Anosmia/dysgeusia 8(22.2) 5(27.8) 3(16.7) 0.6906
Duration of symptoms before 10 (6.75-13) 9.5 (6.5-12.5) 10 (6.75-13) 0.6983
biological samples collection,
days [median (IQR)]
P.O,/F,O, nadir [median (IQR)] 167 (146-248) 140 (122-151.5) 207 (156.3-309.3) 0.0005
Blood exams upon admission [median (IQR)]
Leukocytes, 10%/uL 6.01 (4.38-8.87) 6.29 (3.59-9.42) 6.02 (4.81-8.64) 0.8513
Neutrophils, 10%/uL 4.42 (2.67-7.08) 4.26 (1.62-7.75) 4.42 (2.94-7.08) 0.5732
Lymphocytes, 10%/uL 1.05 (0.61-1.39) 1.08 (0.71-1.46) 1.04 (0.59-1.40) 0.8187
Monocytes, 10%/uL 0.36 (0.26-0.51) 0.44 (0.22-0.65) 0.34 (0.29-0.48) 0.6996
Platelets, 10%/uL 213 (163-253.75) 196 (108.25-256.75) 215.5(170.75-260.5) 0.3410
Creatinine, mg/dL 0.8 (0.7-1.2) 0.8(0.7-1.2) 0.8 (0.6-1.1) 0.5497
AST, U/L 44 (29.5-70.75) 34.5 (24.25-55) 46 (31.5-86.25) 0.1429
ALT, U/L 27 (22.5-57.5) 25 (14.25-38.5) 40 (23.5-82) 0.0604
CRP, mg/L 63.55 (38.7-88.7) 47.3 (21.48-65.45) 78 (46.45-128.3) 0.0067
D-dimer, ng/mL 357 (179-721) 345.5 (256-775.8) 363 (178.5-786.5) 0.9510
LDH, U/L 289 (218-369) 277 (195.8-348.3) 353 (227-423) 0.1661
Maximum oxygen therapy [n (%)] 0.1756

Low-flow systems

15 (41.7)

10 (55.6)

5(27.8)

(Continued on next page)
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Table 1. Continued

All study population p value HIV+
(n = 36) HIV+ (n = 18) HIV=(n = 18) vs. HIV=*
CPAP/NIV/OTI 21 (58.3) 8 (44.4) 13(72.2)
Outcome [n (%)] >0.9999
Death 1(2.8) 1(5.6) 0(0)
Dismissal 35(97.2) 17 (94.4) 18 (100)

IQR, interquartile range; P,O», arterial partial pressure of oxygen; F,O,, fraction of inspired oxygen; AST, aspartate aminotransferase; ALT, alanine aminotrans-
ferase; CRP, C reactive protein; LDH, lactate dehydrogenase; CPAP, continuous positive airway pressure; NIV, noninvasive ventilation; OTI, orotracheal intuba-
tion. *Statistical analyses, Mann-Whitney U test, Fisher exact test, Chi-square test, as appropriate.

CD4 and CD8 T cell activation (as defined by coexpression of CD38 and HLA-DR) was comparable in PLWH and HIV-negative individuals
(Figure 4A). Likewise, percentages of pro-cytolytic CD4 and CD8 T cells (defined as either GRZB+, PRF+, or GRZB+PRF+) were similar in the
two groups (Figure 4B). However, when assessing intracellular perforin (PRF) and granzyme-B (GRZB) expression (median fluorescence inten-
sity, MFI) by these cells, we found higher PRF production by both CD4 and CD8 pro-cytolytic T cells in PLWH (PRF+ T cells: p = 0.0229,
p = 0.0005; GRZB+FRF+ T cells: p = 0.0027, p = 0.0001) (Figure 4C), despite similar GRZB expression (Figure 4D).

Interestingly, PRF production by pro-cytolytic T cells appeared to be positively correlated with SARS-CoV-2 RNAemia as well as plasma
GM-CSF and IL-4, yet negatively with plasma IL-2 and IL-9 as well as P,O,/F,O, nadir (Figure 3; Table S1).

These data indicate that PLWH hospitalized for SARS-CoV-2 infection do not display higher T cell activation compared to HIV-negative
controls, albeit showing increased PRF production by circulating total pro-cytolytic T cells. Such elevated expression of a cytotoxic program
in circulating T cells is associated with higher SARS-CoV-2 replication/dissemination, a distinct plasma cytokine milieu and worse respiratory
function in PLWH.

Lower magnitude and polyfunctionality of SARS-CoV-2-specific T cell responses in PLWH

To further profile the immune status of PLWH, and considered that T cell dysfunction is a hallmark of HIV infection, we next sought to assess
SARS-CoV-2-specific T cells in order to determine whether the T cell compartment of the immune system adequately responded to the infec-
tion. To this end, we evaluated both quantitatively and qualitatively SARS-CoV-2-specific T cell responses by means of a flow cytometric intra-
cellular cytokine staining (ICS) assay upon stimulation of PBMCs with a pool of 15-mer peptides (S, N, and M) of the wild-type virus.

Compared to HIV-negative individuals, PLWH showed similar percentages of total cytokine-producing SARS-CoV-2-specific CD4 T cells,
yet, when analyzing the intracellular production of each cytokine by these cells, we found lower percentages of SARS-CoV-2-specific CD4
T cells producing IFN-y (p = 0.0282), IL-4 (p = 0.0368), and IL-17A (p = 0.0800) (Figure 5A). Accordingly, integrated median fluorescence in-
tensity (iIMFl)—a metric which incorporates both the magnitude and the quality of the immune response—for IFN-y+ and IL-17A+ CD4 T cells
was lower in PLWH (p = 0.0247; p = 0.0746) (Figure 5B). When evaluating polyfunctionality of SARS-CoV-2-specific Th1 cells, i.e., the ability to
produce multiple cytokines simultaneously, we found lower IFN-y+TNF-a+IL-2+ trifunctional, and IFN-y+TNF-a+IL-2- bifunctional CD4
T cells in PLWH (p = 0.0298; p = 0.0351) (Figures 5C and 5D). In parallel, despite comparable total cytokine-producing SARS-CoV-2-specific
CD8T cells, PLWH showed fewer virus-specific TNF-a+ CD8 T cells, in terms of both percentage (p = 0.0096) and iIMFI (p = 0.0489) (Figures 5E
and 5F), yet similar CD8 polyfunctionality profiles compared to HIV-negative controls (Figures 5G and 5H).

No correlations between SARS-CoV-2-specific T cell responses and CD4 T cell counts were found in PLWH (data not shown). Remarkably,
SARS-CoV-2-specific T cell responses (IFN-y+ and IL-4+ CDA4 T cells, polyfunctional Th1 cells, and TNF-a+ CD8 T cells) were negatively asso-
ciated with SARS-CoV-2 RNAemia. Additionally, a positive correlation between IFN-y+ CD4 T cells and P,O,/F,O, nadir was observed. Lastly,
SARS-CoV-2-specific polyfunctional Th1 cells negatively correlated with plasma cytokines, except for IL-2 and IL-9, which were positively asso-
ciated with virus-specific IL-4+ CD4 and TNF-a+ CD8 T cells (Figure 3; Table S1).

Altogether, these data point to a skewed T cell response in PLWH during acute COVID-19 pneumonia, with lower magnitude and poly-
functionality of SARS-CoV-2-specific T cells. Such impaired virus-specific T cell response is linked to higher SARS-CoV-2 RNAemia, systemic
inflammation, and disease severity.

Preserved SARS-CoV-2-specific humoral responses in PLWH
Having found blunted SARS-CoV-2-specific T cell responses in PLWH, we next assessed humoral immunity by measuring anti-RBD total an-
tibodies, by means of ELISA,*"*® and Spike-ACE2 binding inhibition activity, via a receptor-binding inhibition assay.'/-*¢%¢”

Both anti-RBD antibodies and Spike-ACE2 binding inhibition activity were comparable in the two groups (Figures 6A and 6B), positively
correlating with each other (r = 0.4021, p = 0.0334) (Figure 4C).

SARS-CoV-2-specific humoral responses did not appear to correlate with CD4 T cell counts in PLWH (data not shown). Moreover, no cor-
relations were observed between humoral responses and SARS-CoV-2 RNAemia, plasma cytokines and P,O,/F,O, nadir (Figure 3; Table S1).

These finding indicate that, despite a skewed T cell immunity, PLWH display SARS-CoV-2-specific humoral responses comparable to
HIV-negative people during acute COVID-19 pneumonia.
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Table 2. HIV-related characteristic of PLWH

Epidemiology [n (%)]

MSM 3(16.7)

MSW/WSM 6 (33.3)

IDU 6(33.3)

Unknown 3(16.7)
Immunologic parameters [median (IQR)]

CDA T cell count nadir, cells/pL 59 (12.5-331.3)
Current CD4 T cell count, cells/uL 361.5 (210.3-653.5)
Current CD4/CDS8 ratio 0.4 (0.11-1.1)
Current CD4 T cell count [n (%)]

<200 cells/pL 4(22.2)

200-500 cells/uL 7 (38.9)

>500 cells/pL 7 (38.9)
Current plasma HIV-RNA [n (%)]

Undetectable (<50 copies/mL) 15 (83.3)

Detectable (50-100 copies/mL) 1(5.6)

Detectable (>10° copies/mL) 2(11.1)
Previous AIDS diagnosis [n (%)] 5(27.8)

Time from HIV diagnosis, years [median (IQR)] 18 (6.25-34.5)
Current cART regimen [n (%)]

INSTI-based 9 (50)

Pl-based 3(16.7)

INSTI+Pl-based 1(5.6)

NNRTI-based 3(16.7)

None (cART-naive) 2(11)

MSM, men who have sex with men; MSW, men who have sex with women; WSM, women who have sex with men; IDU, injective drugs use; cART, combination
antiretroviral therapy; INSTI, integrase strand transfer inhibitor; Pl, protease inhibitor; NNRTI, non-nucleoside reverse transcriptase inhibitor.

DISCUSSION

In this cross-sectional study we sought to investigate SARS-CoV-2 RNAemia, plasma cytokine milieu, T cell activation and pro-cytolytic phe-
notypes, as well as SARS-CoV-2-specific T cell and humoral responses in unvaccinated PLWH hospitalized for acute COVID-19 pneumonia
compared to people without HIV.

Notably, while previous research mainly focused on younger PLWH,?*=** this study included an older population with HIV, that combine
aging and HIV-related features, which has been both associated with worse COVID-19 outcomes.'~'7%7"

We found that, compared to HIV-negative individuals, PLWH feature higher SARS-CoV-2 RNAemia, which is negatively correlated with
CDA4 T cell percentages yet positively with CD8 T cell frequencies. Since SARS-CoV-2 RNAemia has been previously shown to reflect a higher
viral replication in the respiratory tract®' as well as dissemination of SARS-CoV-2 virions in peripheral blood,” our finding suggest that PLWH
may experience poor control over SARS-CoV-2 replication/dissemination, which is seemingly associated to the HIV-driven immune imbal-
ances.””’? Accordingly, as previously described in patients with immune suppression due to other causes,”*’® a delayed SARS-CoV-2 clear-
ance in the upper respiratory tract has been proven in PLWH with severe T cell depletion.®**’ Likewise, in a murine model of acute SARS-CoV-
2 infection, CD4 T cells depletion led to delayed viral clearance,”” highlighting the pivotal role of CD4 T cells in controlling viral replication. In
addition, we showed that SARS-CoV-2 RNAemia appears to be negatively correlated with P,O,/F,O; nadir, which is significantly lower in
PLWH, pointing to a link between viral RNAemia and worse respiratory function. Such observation agrees with previous findings in the general
population, as SARS-CoV-2 RNAemia has been clearly associated with severe disease and worse clinical outcomes,>*/>%¢3
knowledge to PLWH.

Data regarding COVID-19-related cytokine storm in PLWH are limited and controversial, variously reporting lower®*? or higher®’® levels
of inflammatory markers. We hereby displayed that PLWH with acute COVID-19 feature a distinct plasma cytokine profile (with higher Th1/
Th2/Th17-like cytokines, yet lower IL-2 and IL-9), which, in turn, is associated with poorer control of SARS-CoV-2 replication/dissemination and
worse respiratory insufficiency. These data are in accordance with previous studies in HIV-negative individuals, which reported higher periph-
eral inflammation to be associated with both SARS-CoV-2 RNAemia'*“*** and clinical severity.'**"**
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Figure 1. SARS-CoV-2 RNAemia and correlations with immunological parameters

(A) Plasma SARS-CoV-2 RNAemia in PLWH and HIV-negative individuals. Red/blue dots: individual values; bar: median; error bars: interquartile range; statistical
analysis: Mann-Whitney U test (p values < 0.05 reported above the line connecting the two groups).

(B) Correlation between SARS-CoV-2 RNAemia and percentage of CD4 T cells (within lymphocytes).

(C) Correlation between SARS-CoV-2 RNAemia and percentage of CD8 T cells (within lymphocytes). Red circle: PLWH with HIV-RNA <50 copies/mL and CD4
T cell count >200/uL; open red circle: PLWH with HIV-RNA > 50 copies/mL and/or CD4 T cell count <200/uL; blue circle: HIV-negative controls; dashed line:

simple linear regression line; statistical analysis: Spearman’s correlation test (r and p value reported above each plot). PLWH: n = 18; HIV-negative
P e} y: P P P p g

individuals: n = 18.

Immunoprofiling of total circulating T cells revealed higher intracellular PRF production by cytotoxic T cells yet similar T cell activation in
PLWH compared to HIV-negative individuals. Whereas several studies have shown a hyperactivated T cell phenotype in PLWH compared to
healthy controls,””®" as well as in individuals with severe COVID-19 compared to those with mild disease,” ™’ few data exist on the impact of
HIV/SARS-CoV-2 coinfection on T cell activation, with one case report suggesting that SARS-CoV-2 infection may not further increase T cell
activation in PLWH,®® while another study reporting higher CD38+HLA-DR+ CD4 and CD8 T cells in PLWH with SARS-CoV-2 infection.”
Therefore, the underlying mechanisms by which in our cohort PLWH with COVID-19 pneumonia showed similar T cell activation compared
to HIV-negative controls remain to be elucidated.

We also showed that, while HIV-negative individuals develop a multi-layered SARS-CoV-2-specific immune response involving both T cell
and humoral compartments at 10 days after the symptoms onset—which correspond to the temporal bridging between innate and adaptive
immunity—, PLWH mount what seems to be a less coordinated adaptive immune response with Spike-binding and Spike-blocking antibodies
comparable to HIV-negative controls, but lower magnitude and polyfunctionality of SARS-CoV-2-specific T cells.

Prior studies assessing adaptive immunity to SARS-CoV-2 in PLWH yielded apparently conflicting findings, which yet fit with our observa-
tions when critically considered as a whole. Two previous reports described no differences according to HIV status in SARS-CoV-2-specific
T cell responses in individuals recovered from SARS-CoV-2 infection,”*?’ albeit a positive correlation of SARS-CoV-2-specific T cell responses
with CD4 T cell counts®® and CD4/CD8 ratio”® was found in PLWH. Our cohort of PLWH features lower median CD4 T cell counts and CD4/
CD8 ratio than those of the aforementioned, likely explaining the skewed T cell responses to SARS-CoV-2 infection. Another study found that
while virally suppressed PLWH develop similar SARS-CoV-2-specific T cell responses compared to people without HIV, those with detectable
HIV viremia have significantly lower frequencies of polyfunctional antigen-specific T cells as well as impaired ability to cross-recognize viral
variants.” However, our cohort included only three virally unsuppressed PLWH, thus not allowing to specifically assess the contribution of
uncontrolled HIV replication in hampering T cell responses against SARS-CoV-2.

Data regarding SARS-CoV-2-specific humoral immunity in PLWH are heterogeneous as well: some studies reported similar antibody re-
sponses in convalescent individuals irrespective of HIV status,”*” while others—including also virally unsuppressed people—showed
reduced SARS-CoV-2-specific humoral immunity in PLWH.?* %" However, in agreement with our data, other three recent studies proved
that T cell and humoral immunity to SARS-CoV-2 do not necessarily move in the same direction, by showing that, when compared to HIV-
negative individuals, convalescent PLWH developed similar humoral responses, but lower SARS-CoV-2-specific T cells.>****? Nevertheless,
the majority of aforementioned studies included individuals in the convalescent period following predominately mild disease, while our study
focused on PLWH hospitalized during the acute phase of severe COVID-19, thus providing insights in such specific clinical setting.

What is more, we found that blunted SARS-CoV-2-specific T cell responses—which characterize PLWH—are associated with higher RNAe-
mia, exacerbated cytokine storm, as well as lower P,O,/F,O, nadir, while no significant correlations were found between these features and
humoral responses. These data align with current evidence: while protection from infection is mediated primarily by neutralizing antibodies,
protection from severe COVID-19 is mediated by a coordinated presence of antibody and T cellular immunity.'® """ 778770 Kinetic studies as-
sessing immune responses throughout SARS-CoV-2 infection demonstrated that patients with prolonged infection and severe disease
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Figure 2. Plasma cytokines

Principal component analysis (PCA) of plasma cytokines levels: (A) PC scores plot (proportion of variance for PC1: 54.13%; proportion of variance for PC2: 17.02%)
showing a clear clustering of PLWH (red dots) and HIV-negative individuals (blue dots); (B) loadings plot displaying the distribution of variables (plasma cytokines)
and their correlation with the principal components. Plasma concentrations (pg/mL) of GM-CSF (C), IFN-a (D), IFN-y (E), IL-2 (F), IL-4 (G), IL-5 (H), IL-6 (1), IL-9 (J), IL-
10(K), IL-12p70 (L), IL-17A (M), and TNF-a (N) in PLWH and HIV-negative individuals. Red circle: PLWH with HIV-RNA <50 copies/mL and CD4 T cell count >200/
uL; open red circle: PLWH with HIV-RNA > 50 copies/mL and/or CD4 T cell count <200/pL; blue circle: HIV-negative controls; bar: median; error bars: interquartile
range; statistical analysis: Mann-Whitney U test (p values < 0.05 reported above the line connecting the two groups). Red/blue dots: individual values; dashed line:
simple linear regression line; statistical analysis: Spearman’s correlation test (r and p value reported above each plot), statistical significance at p < 0.05. PLWH:
n = 18; HIV-negative individuals: n = 17.

mounted robust antibody responses but had undetectable circulating SARS-CoV-2-specific T cells; on the contrary, those with a rapid expan-
sion of IFN-y+ SARS-CoV-2-specific T cells rapidly controlled infection without developing severe disease.” Likewise, polyfunctionality of
virus-specific T cells is of utmost importance, as its reduction has been shown to associate with higher SARS-CoV-2 RNAemia®* and worse
respiratory function.””'~%% In light of these evidences, our data suggest that impaired SARS-CoV-2 specific T cell responses in PLWH may
contribute to a delayed viral clearance with possible systemic dissemination, further fueling peripheral inflammation. However, even though
prior research demonstrated that a delayed engagement of antiviral immune defenses can contribute to SARS-CoV-2 dissemination via the
bloodstream to distal organs,”® the cross-sectional nature of our study does not allow to establish causality. Therefore, we cannot rule out an
alternative pathogenetic model in which a higher ab initio viral burden, characterized by increased SARS-CoV-2 RNAemia, might hinder the
development of an effective SARS-CoV-2-specific T cell response. It is worth noting that these two models are not mutually exclusive and
could potentially reinforce each other, creating a self-perpetuating cycle.

Additionally, differing from T cell activation, PRF production by pro-cytolytic T cells—which is higher in PLWH—was associated with higher
SARS-CoV-2 RNAemia, higher plasma cytokines and lower P,O,/F,O, nadir. These observations fit with previous literature, which reported
elevated expression of a cytotoxic program in circulating T cells in SARS-CoV-2-infected patients with higher systemic inflammation” and
severe disease. #7277 Although we have not identified the antigenic specificity of such T cells, increases in T cells with a cytotoxic poten-
tial may result in an altered T cell landscape that could affect tissue integrity, depending on their trafficking capabilities.

Interestingly, in sharp contrast to other cytokines, we found that plasma IL-2 and IL-9 are significantly lower in PLWH. This cytokine pattern
also associates with lower SARS-CoV-2-specific T cells and higher PRF production by cytotoxic T cells, as well as greater SARS-CoV-2
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Figure 3. Heatmap showing correlations between SARS-CoV-2 RNAemia, plasma cytokines, clinical severity, and immune responses to SARS-CoV-2
infection

Blue cells: negative correlations (r < 0); red cells: positive correlations (r > 0); statistical analysis: Spearman’s correlation test (*statistical significance at p < 0.05).
Study population (PLWH and HIV-negative individuals): n = 36. Detailed data provided in supplemental information.

RNAemia and lower P,O,/F,O; nadir. In keeping with these findings, reduced endogenous IL-2 production has long been acknowledged in
HIV infection.””~? Furthermore, previous studies reported higher circulating IL-2 levels as a fingerprint of asymptomatic/mild COVID-
19.199797 Additionally, given that IL-2 plays crucial roles in T cell survival and differentiation leading to a preferential expansion of antigen-
specific clones, % "% lower IL-2 levels may contribute to skewing SARS-CoV-2-specific T cell responses, thus leading to a less efficient control
of viral replication/dissemination. Likewise, since IL-2 is a double-faced cytokine also exerting immunoregulatory activities maintaining Treg
cells in a functional state,'®” "% its reduced plasma concentrations might also have a role in exacerbating cytokine storm and heightening
T cell cytotoxicity, likely due to perturbations in Treg cells, which has been indeed proven in severe COVID-19."%7'%" By contrast, the roles
of IL-9 in HIV and SARS-CoV-2 infections have not been specifically characterized to date, thus the underlying reasons for our findings con-
cerning plasma IL-9 are unclear and remain to be elucidated.

It should also be noted that, while intracellular production of TNF-a, IL-4, and IL-17A by SARS-CoV-2-specific T cells was lower in PLWH, the
plasma cytokine analysis revealed an opposite trend for the same cytokines, with lower levels in HIV-negative individuals. While such findings
may appear contradictory, it must be considered that the former represent the specific antiviral response, which exert a protective effect,
while the latter are expression of the cytokine storm sustained by both T lymphocytes and non-specific immune cells, which is associated
with impaired viral clearance and worse respiratory insufficiency.
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Figure 4. T cell activation and pro-cytolytic phenotypes

(A) Frequency (percentage, %) of activated (HLA-DR+CD38+) CD4 and CD8 T cells in PLWH and HIV-negative individuals.

(B) Frequency (percentage, %) of granzyme-B (GRZB)+, perforin (PRF)+, and GRZB+PRF+ CD4 and CD8 T cells.

(C) Perforin production (PRF MFI) by PRF+ and GRZB+PRF+ CD4 and CD8 T cells.

(D) Granzyme-B production by GRZB+ and GRZB+PRF+ CD4 and CD8 T cells. Red circle: PLWH with HIV-RNA <50 copies/mL and CD4 T cell count >200/pL; open
red circle: PLWH with HIV-RNA >50 copies/mL and/or CD4 T cell count <200/uL; blue circle: HIV-negative controls; bar: median; error bars: interquartile range;
statistical analysis: Mann-Whitney U test (p values < 0.05 reported above the line connecting the two groups). PLWH: n = 11; HIV-negative individuals: n = 16.

In conclusion, our data show that PLWH with COVID-19 pneumonia, despite preserved humoral immunity, mount skewed T cell responses
with lower magnitude and polyfunctionality of SARS-CoV-2-specific T cells. This faulty virus-specific T cell response is closely intertwined with
higher SARS-CoV-2 RNAemia, systemic inflammation, and disease severity. These findings suggest that additional measures to reduce the
viral burden during early SARS-CoV-2 infection may be warranted in this high-risk population, and support prioritization of PLWH for SARS-
CoV-2 vaccination in order to enhance T cell immunity and therefore prevent severe disease.

Limitations of the study

Some limitations need to be acknowledged in this study. Firstly, despite clear dissimilarities in viral and immunological aspects, we did not
find any statistically significant difference in mortality between the two groups, likely owing to the lack of power due to the small sample size.
Secondly, study participants were enrolled during the first two waves of the COVID-19 pandemic, when the currently circulating viral variants
had not yet emerged and vaccines were not available, so immune responses to the Omicron variant, which is now the most widespread all
over the world, as well as the role of the vaccination and hybrid immunity, cannot be inferred. Furthermore, since the study population is pri-
marily an older one, the findings of this study are not necessarily generalizable to a younger population. Additionally, due to the exploratory
nature of this study and its small sample size, no adjustment for multiple comparison was made, so our findings need to be confirmed in larger
studies. Lastly, as per cross-sectional nature of this study, all measurements were only available at a single time point during hospitalization, so
that no kinetics can be derived, limiting the possibility of characterizing the dynamics of the development of immune responses in relation to
SARS-CoV-2 RNAemia and systemic inflammation and, thus, establishing causality.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
® RESOURCE AVAILABILITY
O Lead contact
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Figure 5. SARS-CoV-2-specific cytokine-producing CD4 and CD8 T cells
Frequency (percentage, %) of SARS-CoV-2-specific cytokine (IFN-y, TNF-a, IL-2, IL-4, IL-17A)-producing T cells within CD4 (A) and CD8 (E) T cells in PLWH and HIV-

negative individuals. iIMFI of SARS-CoV-2-specific cytokine (IFN-y, TNF-a, IL-2, IL-4, IL-17A)-producing SARS-CoV-2-specific T cells within CD4 (B) and CD8 (F) T cells.
Frequency of tri-, bi-, and mono-functional SARS-CoV-2-specific Th1 cytokine (IFN-y, TNF-a, IL-2)-producing cells within CD4 (C) and CD8 (G) T cells. Donut charts
showing the median distribution of polyfunctionality profiles in SARS-CoV-2-specific cytokine (IFN-y, TNF-a, IL-2)-producing T cells within CD4 (D) and CD8 (H) T cells
in PLWH and HIV-negative individuals; the donut slices represent median percentages of tri- (3+), bi- (2+), and mono- (1+) functional T cells; the arches around the
circumference indicate the particular cytokine (IFN-y, TNF-a, or IL-2) produced by the portion of T cells that lie under the arc; parts of the donut surrounded by
multiple arches represent polyfunctional cells. Red circle: PLWH with HIV-RNA <50 copies/mL and CD4 T cell count >200/pL; open red circle: PLWH with HIV-
RNA >50 copies/mL and/or CD4 T cell count <200/pL; blue circle: HIV-negative controls; bar: median; error bars: interquartile range; statistical analyses in dot
plots: Mann-Whitney U test (p values < 0.1 reported above the line connecting the two groups); statistical analyses between donut charts: SPICE permutation
test (p values < 0.1 reported above the line connecting the donut charts). SARS-CoV-2-specific T cells were measured subtracting unspecific cytokine-production

in paired unstimulated control samples from stimulated samples. PLWH: n = 14; HIV-negative individuals: n = 18.
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Figure 6. SARS-CoV-2-specific humoral immunity

(A) Anti-RBD total antibodies expressed as AUC in PLWH (n = 18) and HIV-negative individuals (n = 18).

(B) Spike-ACE2 binding inhibition activity expressed as percentage (%) of inhibition of ACE2-spike RBD interaction in PLWH (n = 14) and HIV-negative individuals
(n=14). Red/blue dots: individual values; bar: median; error bars: interquartile range; statistical analysis: Mann-Whitney U test (p values < 0.05 reported above the
line connecting the two groups).

(C) Correlation between anti-RBD antibodies and percentage of Spike-ACE2 binding inhibition. Red circle: PLWH with HIV-RNA <50 copies/mL and CD4 T cell
count >200/pL; open red circle: PLWH with HIV-RNA > 50 copies/mL and/or CD4 T cell count <200/pL; blue circle: HIV-negative controls; dashed line: simple
linear regression line; statistical analysis: Spearman’s correlation test (r and p value reported above the plot).

O Materials availability

O Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
e METHOD DETAILS

O Study design and population

O PBMCs and plasma isolation

O SARS-CoV-2 RNAemia

O Plasma cytokines

O Immunophenotyping

O Intracellular cytokine staining (ICS) assay

O Anti-RBD antibodies

O Spike-ACE2 binding inhibition activity
o QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/}.is¢i.2023.10867 3.

ACKNOWLEDGMENTS

We are grateful to all the individuals enrolled in this study who agreed to participate to this research. Our special thanks also go to all the
physicians and nurses at the Clinic of Infectious Diseases and Tropical Medicine at San Paolo Hospital in Milan who continuously helped
in patients’ care, as well as laboratory personnel whose role in the conduct of the study was crucial.

This work was supported by grants from Fondazione Cariplo in collaboration with Regione Lombardia and Fondazione Umberto Veronesi
(CAR_RIC20GMARC_01 and CAR_RIC20GMARC_02) and by Fondazione di Comunita Milano (FON_NAZ20ADARM_01).

This study was presented in part at CROI 2023, 19-22 February 2023, Seattle (WA)—#P344.

AUTHOR CONTRIBUTIONS

M.A. designed the study, enrolled participants, collected clinical data, designed the experimental plan and performed the experiments,
analyzed and interpreted the data, designed the figures, and wrote the manuscript. V.B. and R.R. designed and performed the experiments
and interpreted the data. C.T. contributed to data interpretation and critical revision of the manuscript. S.B. performed part of the laboratory
analyses. L.T.,A.D.B.,A.C., and F.M. enrolled participants, provided biological samples and clinical data, and contributed to critical revision of
the manuscript. E.B. contributed to critical revision of the manuscript. A.d’A.M. contributed to critical revision of the manuscript. G.M.
conceived and designed the study and the experimental plan, interpreted the data, and wrote the manuscript. All authors contributed to
the article and approved the submitted version.

iScience 27, 108673, January 19, 2024 1"



https://doi.org/10.1016/j.isci.2023.108673

¢? CellPress

OPEN ACCESS

DECLARATION OF INTERESTS

The authors declare no conflict of interest related to this work.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.

Received: May 23, 2023
Revised: October 31, 2023
Accepted: December 5, 2023
Published: December 7, 2023

REFERENCES

1.

12

Spinelli, M.A., Jones, B.L.H., and Gandhi, M.
(2022). COVID-19 Outcomes and Risk
Factors Among People Living with HIV.
Curr. HIV AIDS Rep. 19, 425-432.

. Augello, M., Bono, V., Rovito, R., Tincati, C.,

and Marchetti, G. (2023). Immunologic
Interplay Between HIV/AIDS and COVID-19:
Adding Fuel to the Flames? Curr. HIV AIDS
Rep. 20, 51-75.

. Bhaskaran, K., Rentsch, C.T., MacKenna, B.,

Schultze, A., Mehrkar, A., Bates, C.J., Eggo,
R.M., Morton, C.E., Bacon, S.C.J., Inglesby,
P., et al. (2021). HIV infection and COVID-19
death: a population-based cohort analysis
of UK primary care data and linked national
death registrations within the OpenSAFELY
platform. Lancet. HIV 8, e24-e32.

. Western Cape Department of Health in

collaboration with the National Institute for
Communicable Diseases South Africa
(2021). Risk Factors for Coronavirus Disease
2019 (COVID-19) Death in a Population
Cohort Study from the Western Cape
Province, South Africa. Clin. Infect. Dis. 73,
€2005-e2015.

. Tesoriero, J.M., Swain, C.A.E., Pierce, J.L.,

Zamboni, L., Wu, M., Holtgrave, D.R.,
Gonzalez, C.J., Udo, T., Morne, J.E., Hart-
Malloy, R., et al. (2021). COVID-19
Outcomes Among Persons Living With or
Without Diagnosed HIV Infection in New
York State. JAMA Netw. Open 4, e2037069.

. Yang, X., Sun, J., Patel, R.C., Zhang, J., Guo,

S., Zheng, Q., Olex, A.L,, Olatosi, B.,
Weissman, S.B., Islam, J.Y., et al. (2021).
Associations between HIV infection and
clinical spectrum of COVID-19: a population
level analysis based on US National COVID
Cohort Collaborative (N3C) data. Lancet.
HIV 8, e690-e700.

. Bertagnolio, S., Thwin, S.S., Silva, R.,

Nagarajan, S., Jassat, W., Fowler, R.,
Haniffa, R., Reveiz, L., Ford, N., Doherty, M.,
and Diaz, J. (2022). Clinical features of, and
risk factors for, severe or fatal COVID-19
among people living with HIV admitted to
hospital: analysis of data from the WHO
Global Clinical Platform of COVID-19.
Lancet. HIV 9, e486-e495.

. Geretti, AM., Stockdale, AJ., Kelly, S.H.,

Cevik, M., Collins, S., Waters, L., Villa, G.,
Docherty, A., Harrison, E.M., Turtle, L., et al.
(2021). Outcomes of Coronavirus Disease
2019 (COVID-19) Related Hospitalization
Among People With Human
Immunodeficiency Virus (HIV) in the ISARIC
World Health Organization (WHO) Clinical
Characterization Protocol (UK): A
Prospective Observational Study. Clin.
Infect. Dis. 73, e2095-e2106.

iScience 27, 108673, January 19, 2024

. Yendewa, G.A., Perez, J.A., Schlick, K.,

Tribout, H., and McComsey, G.A. (2021).
Clinical Features and Outcomes of
Coronavirus Disease 2019 Among People
With Human Immunodeficiency Virus in the
United States: A Multicenter Study From a
Large Global Health Research Network
(TriNetX). Open Forum Infect. Dis. 8,
ofab272.

. Dandachi, D., Geiger, G., Montgomery,

M.W., Karmen-Tuohy, S., Golzy, M., Antar,
A.AR., Llibre, J.M., Camazine, M., Diaz-De
Santiago, A., Carlucci, P.M., et al. (2021).
Characteristics, Comorbidities, and
Outcomes in a Multicenter Registry of
Patients With Human Immunodeficiency
Virus and Coronavirus Disease 2019. Clin.
Infect. Dis. 73, e1964-e1972.

. Lea, AN, Leyden, W.A,, Sofrygin, O.,

Marafino, B.J., Skarbinski, J., Napravnik, S.,
Agil, D., Augenbraun, M., Benning, L.,
Horberg, M.A.,, et al. (2023). Human
Immunodeficiency Virus Status, Tenofovir
Exposure, and the Risk of Poor Coronavirus
Disease 19 (COVID-19) Outcomes: Real-
World Analysis From 6 United States
Cohorts Before Vaccine Rollout. Clin. Infect.
Dis. 76, 1727-1734.

. Jin, J., Wang, X., Carapito, R., Moog, C., and

Su, B. (2022). Advances in Research on
COVID-19 Vaccination for People Living
with HIV. Infect. Dis. Immun. 2, 213-218.

. Giacomelli, A., Gagliardini, R., Tavelli, A., De

Benedittis, S., Mazzotta, V., Rizzardini, G.,
Mondi, A., Augello, M., Antinori, S., Vergori,
A., etal. (2023). Risk of COVID-19 in-hospital
mortality in people living with HIV
compared to general population according
to age and CD4 strata: data from the Icona
network. Int. J. Infect. Dis. 136, 127-135.

. Rovito, R., Augello, M., Ben-Haim, A., Bono,

V., d'Arminio Monforte, A., and Marchetti,
G. (2022). Hallmarks of Severe COVID-19
Pathogenesis: A Pas de Deux Between Viral
and Host Factors. Front. Immunol. 13,
912336.

. Bertoletti, A, Le Bert, N., Qui, M., and Tan,

A.T. (2021). SARS-CoV-2-specific T cells in
infection and vaccination. Cell. Mol.
Immunol. 18, 2307-2312.

. Sette, A., and Crotty, S. (2021). Adaptive

immunity to SARS-CoV-2 and COVID-19.
Cell 184, 861-880.

. Tan, AT, Linster, M., Tan, CW., Le Bert, N,

Chia, W.N., Kunasegaran, K., Zhuang, Y.,
Tham, C.Y.L., Chia, A., Smith, G.J.D., et al.
(2021). Early induction of functional SARS-
CoV-2-specific T cells associates with rapid
viral clearance and mild disease in COVID-
19 patients. Cell Rep. 34, 108728.

20.

21.

22.

23.

24.

25.

26.

27.

iScience
Article

. Tarke, A., Potesta, M., Varchetta, S.,

Fenoglio, D., lannetta, M., Sarmati, L., Mele,
D., Dentone, C., Bassetti, M., Montesano,
C., et al. (2022). Early and Polyantigenic
CD4 T Cell Responses Correlate with Mild
Disease in Acute COVID-19 Donors. Int. J.
Mol. Sci. 23, 7155.

. Chandran, A., Rosenheim, J., Nageswaran,

G., Swadling, L., Pollara, G., Gupta, R.K,,
Burton, A.R., Guerra-Assuncao, J.A.,
Woolston, A., Ronel, T., et al. (2022). Rapid
synchronous type 1 IFN and virus-specific
T cell responses characterize first wave non-
severe SARS-CoV-2 infections. Cell Rep.
Med. 3, 100557.

McMahan, K., Yu, J., Mercado, N.B., Loos,
C., Tostanoski, L.H., Chandrashekar, A., Liu,
J., Peter, L., Atyeo, C., Zhu, A., et al. (2021).
Correlates of protection against SARS-CoV-
2 in rhesus macaques. Nature 590, 630-634.
Le Bert, N., Clapham, H.E., Tan, A.T., Chia,
W.N., Tham, C.Y.L., Lim, J.M., Kunasegaran,
K., Tan, LW.L., Dutertre, C.A., Shankar, N,
et al. (2021). Highly functional virus-specific
cellular immune response in asymptomatic
SARS-CoV-2 infection. J. Exp. Med. 218,
e20202617.

Li, Y., Wang, X, Jin, J., Ma, Z, Liu, Y., Zhang,
X., and Su, B. (2022). T-cell responses to
SARS-CoV-2 Omicron spike epitopes with
mutations after the third booster dose of an
inactivated vaccine. J. Med. Virol. 94,
3998-4004.

Deeks, S.G., Overbaugh, J., Phillips, A., and
Buchbinder, S. (2015). HIV infection. Nat.
Rev. Dis. Primers 1, 15035.

Fenwick, C., Joo, V., Jacquier, P., Noto, A,
Banga, R., Perreau, M., and Pantaleo, G.
(2019). T-cell exhaustion in HIV infection.
Immunol. Rev. 292, 149-163.

Bussmann, B.M., Reiche, S., Bieniek, B.,
Krznaric, I., Ackermann, F., and Jassoy, C.
(2010). Loss of HIV-specific memory B-cells
as a potential mechanism for the
dysfunction of the humoral immune
response against HIV. Virology 397, 7-13.
Alrubayyi, A., Gea-Mallorqui, E., Touizer, E.,
Hameiri-Bowen, D., Kopycinski, J., Charlton,
B., Fisher-Pearson, N., Muir, L., Rosa, A.,
Roustan, C., et al. (2021). Characterization of
humoral and SARS-CoV-2 specific T cell
responses in people living with HIV. Nat.
Commun. 12, 5839.

Donadeu, L., Tiraboschi, J.M., Scévola, S.,
Torija, A., Meneghini, M., Jouve, T., Fava, A.,
Calatayud, L., Ardanuy, C., Cidraque, .,

et al. (2022). Long-lasting adaptive Immune
memory specific to SARS-CoV-2 in
convalescent COVID-19 Stable People
living with HIV. AIDS 3¢, 1373-1382.


http://refhub.elsevier.com/S2589-0042(23)02750-5/sref1
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref1
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref1
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref1
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref2
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref2
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref2
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref2
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref2
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref3
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref3
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref3
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref3
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref3
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref3
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref3
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref3
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref4
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref4
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref4
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref4
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref4
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref4
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref4
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref4
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref5
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref5
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref5
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref5
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref5
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref5
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref5
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref6
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref6
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref6
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref6
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref6
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref6
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref6
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref6
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref7
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref7
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref7
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref7
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref7
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref7
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref7
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref7
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref7
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref8
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref8
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref8
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref8
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref8
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref8
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref8
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref8
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref8
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref8
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref8
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref9
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref9
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref9
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref9
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref9
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref9
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref9
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref9
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref9
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref10
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref10
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref10
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref10
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref10
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref10
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref10
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref10
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref10
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref11
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref11
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref11
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref11
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref11
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref11
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref11
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref11
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref11
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref11
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref12
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref12
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref12
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref12
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref13
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref13
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref13
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref13
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref13
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref13
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref13
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref13
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref14
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref14
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref14
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref14
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref14
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref14
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref15
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref15
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref15
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref15
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref16
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref16
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref16
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref17
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref17
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref17
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref17
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref17
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref17
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref17
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref18
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref18
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref18
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref18
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref18
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref18
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref18
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref19
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref19
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref19
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref19
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref19
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref19
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref19
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref19
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref20
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref20
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref20
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref20
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref20
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref21
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref21
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref21
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref21
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref21
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref21
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref21
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref22
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref22
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref22
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref22
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref22
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref22
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref23
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref23
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref23
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref24
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref24
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref24
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref24
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref25
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref25
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref25
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref25
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref25
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref25
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref26
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref26
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref26
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref26
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref26
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref26
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref26
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref27
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref27
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref27
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref27
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref27
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref27
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref27

iScience
Article

28.

29.

30.

31

32.

33

34.

35.

36.

37.

Alcaide, M.L., Nogueira, N.F., Salazar, A.S.,
Montgomerie, E.K., Rodriguez, V.J.,
Raccamarich, P.D., Barreto, I.T., McGaugh,
A., Sharkey, M.E., Mantero, A.M., et al.
(2022). A Longitudinal Analysis of SARS-
CoV-2 Antibody Responses Among People
With HIV. Front. Med. 9, 768138.

Snyman, J., Hwa, S.H., Krause, R., Muema,
D.,Reddy, T., Ganga, Y., Karim, F., Leslie, A,
Sigal, A., and Ndung'u, T.; COVID-19
Mechanisms and Multi-omics at the
Intersection of TB and HIV in KwaZulu-Natal
COMMIT-KZN Team (2022). Similar
Antibody Responses Against Severe Acute
Respiratory Syndrome Coronavirus 2 in
Individuals Living Without and With Human
Immunodeficiency Virus on Antiretroviral
Therapy During the First South African
Infection Wave. Clin. Infect. Dis. 75,
e249-e256.

Spinelli, M.A., Lynch, K.L., Yun, C., Glidden,
D.V., Peluso, M.J., Henrich, T.J., Gandhi, M.,
and Brown, L.B. (2021). SARS-CoV-2
seroprevalence, and IgG concentration and
pseudovirus neutralising antibody titres
after infection, compared by HIV status: a
matched case-control observational study.
Lancet. HIV 8, e334-e341.

Khan, K., Lustig, G., Bernstein, M., Archary,
D., Cele, S., Karim, F., Smith, M., Ganga, Y.,
Jule, Z., Reedoy, K., et al. (2022).
Immunogenicity of Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) Infection and Ad26.CoV2.S
Vaccination in People Living With Human
Immunodeficiency Virus (HIV). Clin. Infect.
Dis. 75, €857-e864.

Schuster, D.J., Karuna, S., Brackett, C.,
Wesley, M., Li, S.S., Eisel, N., Tenney, D.,
Hilliard, S., Yates, N.L., Heptinstall, J.R.,

et al. (2022). Lower SARS-CoV-2-specific
humoral immunity in people living with
HIV-1 recovered from nonhospitalized
COVID-19. JCl Insight 7, e158402.
Giannone, D., Vecchione, M.B., Czernikier,
A., Polo, M.L., Gonzalez Polo, V., Cruces, L.,
Ghiglione, Y., Balinotti, S.; BBEI working
group, and Longueira, Y., et al. (2022). SARS-
CoV-2 humoral and cellular immune
responses in COVID-19 convalescent
individuals with HIV. J. Infect. 85, 334-363.
Peluso, M.J., Spinelli, M.A., Deveau, T.M.,
Forman, C.A., Munter, S.E., Mathur, S.,
Tang, AF., Ly, S., Goldberg, S.A., Arreguin,
M.L., et al. (2022). Post-acute sequelae and
adaptive immune responses in people living
with HIV recovering from SARS-COV-2
infection. AIDS 36, F7-F16.

Nkosi, T., Chasara, C., Papadopoulos, A.O.,
Nguni, T.L., Karim, F., Moosa, M.Y.S., Gazy,
|., Jambo, K.; COMMIT-KZN-Team, and
Hanekom, W., et al. (2022). Unsuppressed
HIV infection impairs T cell responses to
SARS-CoV-2 infection and abrogates T cell
cross-recognition. Elife 11, e78374.

Riou, C., du Bruyn, E., Stek, C., Daroowala,
R., Goliath, R.T., Abrahams, F., Said-Hartley,
Q., Allwood, B.W., Hsiao, N.Y., Wilkinson,
K.A., etal. (2021). Relationship of SARS-CoV-
2-specific CD4 response to COVID-19
severity and impact of HIV-1 and
tuberculosis coinfection. J. Clin. Invest. 131,
e149125.

Liu, Y., Xiao, Y., Wu, S., Marley, G., Ming, F.,
Wang, X., Wu, M., Feng, L., Tang, W., and
Liang, K. (2021). People living with HIV easily
lose their immune response to SARS-CoV-2:
result from a cohort of COVID-19 cases in
Wuhan, China. BMC Infect. Dis. 21, 1029.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Sharov, K.S. (2021). HIV/SARS-CoV-2 co-
infection: T cell profile, cytokine dynamics
and role of exhausted lymphocytes. Int. J.
Infect. Dis. 102, 163-169.

Ngalamika, O., Lidenge, S.J., Mukasine,
M.C., Kawimbe, M., Kamanzi, P., Ngowi,
J.R., Mwaiselage, J., and Tso, F.Y. (2023).
SARS-CoV-2 Specific T-cell and Humoral
Immunity in HIV-infected and -uninfected
Individuals in an African Population: A
Prospective Cohort Study. Int. J. Infect. Dis.
127, 106-115.

Mondi, A., Cimini, E., Colavita, F., Cicalini,
S., Pinnetti, C., Matusali, G., Casetti, R.,
Maeurer, M., Vergori, A., Mazzotta, V., et al.
(2021). COVID-19 in people living with HIV:
Clinical implications of dynamics of the
immune response to SARS-CoV-2. J. Med.
Virol. 93, 1796-1804.

Del Valle, D.M., Kim-Schulze, S., Huang,
H.H., Beckmann, N.D., Nirenberg, S., Wang,
B., Lavin, Y., Swartz, T.H., Madduri, D., Stock,
A., et al. (2020). An inflammatory cytokine
signature predicts COVID-19 severity and
survival. Nat. Med. 26, 1636-1643.

Yang, L., Xie, X., Tu, Z., Fu, J., Xu, D., and
Zhou, Y. (2021). The signal pathways and
treatment of cytokine storm in COVID-19.
Signal Transduct. Target. Ther. ¢, 255.
Tincati, C., Cannizzo, E.S., Giacomelli, M.,
Badolato, R., d’Arminio Monforte, A., and
Marchetti, G. (2020). Heightened Circulating
Interferon-Inducible Chemokines, and
Activated Pro-Cytolytic Th1-Cell Phenotype
Features Covid-19 Aggravation in the
Second Week of lliness. Front. Immunol. 17,
580987.

Tian, W., Jiang, W., Yao, J., Nicholson, C.J.,
Li, R.H., Sigurslid, H.H., Wooster, L., Rotter,
J.I., Guo, X., and Malhotra, R. (2020).
Predictors of mortality in hospitalized
COVID-19 patients: A systematic review and
meta-analysis. J. Med. Virol. 92, 1875-1883.
d’Arminio Monforte, A., Tavelli, A., Bai, F.,
Tomasoni, D., Falcinella, C., Castoldi, R.,
Barbanotti, D., Mule, G., Allegrini, M.,
Tesoro, D., et al. (2020). The importance of
patients’ case-mix for the correct
interpretation of the hospital fatality rate in
COVID-19 disease. Int. J. Infect. Dis.

100, 67-74.

D’Arminio Monforte, A., Tavelli, A., Bai, F.,
Tomasoni, D., Falcinella, C., Castoldi, R.,
Barbanotti, D., Mule, G., Allegrini, M.,
Suardi, E., et al. (2021). Declining Mortality
Rate of Hospitalised Patients in the Second
Wave of the COVID-19 Epidemics in Italy:
Risk Factors and the Age-Specific Patterns.
Life 11, 979.

Qin, C., Zhou, L., Hu, Z,, Zhang, S., Yang, S.,
Tao, Y., Xie, C., Ma, K., Shang, K., Wang, W.,
and Tian, D.S. (2020). Dysregulation of
Immune Response in Patients With
Coronavirus 2019 (COVID-19) in Wuhan,
China. Clin. Infect. Dis. 71, 762-768.

Lv, T., Cao, W., and Li, T. (2021). HIV-Related
Immune Activation and Inflammation:
Current Understanding and Strategies.

J. Immunol. Res. 2021, 7316456.

Deeks, S.G., Tracy, R., and Douek, D.C.
(2013). Systemic effects of inflammation on
health during chronic HIV infection.
Immunity 39, 633-645.

Vergori, A., Boschini, A., Notari, S.,
Lorenzini, P., Castilletti, C., Colavita, F.,
Matusali, G., Tartaglia, E., Gagliardini, R.,
Boschi, A., et al. (2022). SARS-CoV-2 Specific
Immune Response and Inflammatory Profile

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

¢? CellPress

OPEN ACCESS

in Advanced HIV-Infected Persons during a
COVID-19 Outbreak. Viruses 14, 1575.
Costa, R., Alberola, J., Olea, B., Gozalbo-
Rovira, R., Giménez, E., Cuevas-Ferrando,
E., Torres, |., Albert, E., Carbonell, N,
Ferreres, J., et al. (2022). Combined kinetic
analysis of SARS-CoV-2 RNAemia,
N-antigenemia and virus-specific antibodies
in critically ill adult COVID-19 patients. Sci.
Rep. 12, 8273.

Jacobs, J.L., Bain, W., Naqvi, A., Staines, B.,
Castanha, P.M.S., Yang, H., Boltz, V.F.,
Barratt-Boyes, S., Marques, E.T.A., Mitchell,
S.L., et al. (2022). Severe Acute Respiratory
Syndrome Coronavirus 2 Viremia ls
Associated With Coronavirus Disease 2019
Severity and Predicts Clinical Outcomes.
Clin. Infect. Dis. 74, 1525-1533.

Carrau, L., Frere, J.J., Golynker, I., Fajardo,
A., Rivera, C.F., Horiuchi, S., Roonprapunt,
T., Minkoff, J.M., Blanco-Melo, D., and
TenOever, B. (2023). Delayed engagement
of host defenses enables SARS-CoV-2
viremia and productive infection of distal
organs in the hamster model of COVID-19.
Sci. Signal. 16, eadg5470.

Rovito, R., Bono, V., Augello, M., Tincati, C.,
Mainoldi, F., Beaudoin-Bussiéres, G.,
Tauzin, A., Bianchi, S., Hadla, M., Yellenki, V.,
et al. (2022). Association between SARS-
CoV-2 RNAemia and dysregulated immune
response in acutely ill hospitalized COVID-
19 patients. Sci. Rep. 12, 19658.

Wang, C., Li, Y., Kaplonek, P., Gentili, M.,
Fischinger, S., Bowman, K.A., Sade-
Feldman, M., Kays, K.R., Regan, J., Flynn,
J.P., etal. (2022). The Kinetics of SARS-CoV-
2 Antibody Development Is Associated with
Clearance of RNAemia. mBio 13, e0157722.
Eberhardt, K.A., Meyer-Schwickerath, C.,
Heger, E., Knops, E., Lehmann, C., Rybniker,
J., Schommers, P., Eichenauer, D.A., Kurth,
F., Ramharter, M., et al. (2020). RNAemia
Corresponds to Disease Severity and
Antibody Response in Hospitalized COVID-
19 Patients. Viruses 12, 1045.

Chen, X., Zhao, B., Qu, Y., Chen, Y., Xiong,
J., Feng, Y., Men, D., Huang, Q., Liu, Y.,
Yang, B., et al. (2020). Detectable Serum
Severe Acute Respiratory Syndrome
Coronavirus 2 Viral Load (RNAemia) Is
Closely Correlated With Drastically Elevated
Interleukin 6 Level in Critically Ill Patients
With Coronavirus Disease 2019. Clin. Infect.
Dis. 71, 1937-1942.

Li, Y., Schneider, A.M., Mehta, A., Sade-
Feldman, M., Kays, K.R., Gentili, M.,
Charland, N.C., Gonye, A.L., Gushterova, I.,
Khanna, H.K., et al. (2021). SARS-CoV-2
viremia is associated with distinct proteomic
pathways and predicts COVID-19
outcomes. J. Clin. Invest. 131, e148635.
Fajnzylber, J., Regan, J., Coxen, K., Corry,
H., Wong, C., Rosenthal, A., Worrall, D.,
Giguel, F., Piechocka-Trocha, A., Atyeo, C.,
et al. (2020). SARS-CoV-2 viral load is
associated with increased disease severity
and mortality. Nat. Commun. 11, 5493.
Brunet-Ratnasingham, E., Anand, S.P.,
Gantner, P., Dyachenko, A., Moquin-
Beaudry, G., Brassard, N., Beaudoin-
Bussieres, G., Pagliuzza, A., Gasser, R.,
Benlarbi, M., et al. (2021). Integrated
immunovirological profiling validates
plasma SARS-CoV-2 RNA as an early
predictor of COVID-19 mortality. Sci. Adv. 7,
eabj5629.

Wang, Y., Zhang, L., Sang, L., Ye, F., Ruan, S.,
Zhong, B., Song, T., Alshukairi, A.N., Chen,

iScience 27, 108673, January 19, 2024 13



http://refhub.elsevier.com/S2589-0042(23)02750-5/sref28
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref28
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref28
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref28
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref28
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref28
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref28
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref29
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref30
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref30
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref30
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref30
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref30
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref30
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref30
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref30
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref31
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref31
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref31
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref31
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref31
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref31
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref31
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref31
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref31
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref32
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref32
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref32
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref32
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref32
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref32
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref32
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref33
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref33
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref33
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref33
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref33
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref33
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref33
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref34
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref34
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref34
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref34
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref34
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref34
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref34
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref35
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref35
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref35
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref35
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref35
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref35
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref35
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref36
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref36
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref36
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref36
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref36
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref36
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref36
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref36
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref37
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref37
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref37
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref37
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref37
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref37
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref38
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref38
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref38
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref38
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref39
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref39
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref39
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref39
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref39
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref39
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref39
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref39
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref40
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref40
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref40
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref40
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref40
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref40
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref40
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref41
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref41
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref41
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref41
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref41
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref41
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref42
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref42
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref42
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref42
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref43
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref43
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref43
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref43
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref43
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref43
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref43
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref43
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref44
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref44
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref44
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref44
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref44
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref44
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref45
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref45
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref45
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref45
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref45
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref45
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref45
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref45
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref46
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref46
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref46
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref46
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref46
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref46
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref46
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref46
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref47
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref47
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref47
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref47
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref47
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref47
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref48
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref48
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref48
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref48
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref49
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref49
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref49
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref49
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref50
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref50
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref50
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref50
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref50
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref50
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref50
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref51
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref51
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref51
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref51
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref51
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref51
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref51
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref51
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref52
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref52
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref52
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref52
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref52
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref52
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref52
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref52
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref53
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref53
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref53
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref53
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref53
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref53
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref53
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref53
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref54
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref54
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref54
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref54
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref54
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref54
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref54
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref55
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref55
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref55
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref55
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref55
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref55
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref56
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref56
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref56
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref56
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref56
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref56
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref56
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref57
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref57
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref57
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref57
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref57
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref57
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref57
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref57
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref57
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref58
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref58
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref58
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref58
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref58
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref58
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref58
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref59
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref59
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref59
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref59
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref59
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref59
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref60
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref60
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref60
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref60
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref60
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref60
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref60
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref60
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref60
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref61
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref61

¢? CellPress

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

14

OPEN ACCESS

R., Zhang, Z., et al. (2020). Kinetics of viral
load and antibody response in relation to
COVID-19 severity. J. Clin. Invest. 130,
5235-5244.

Rodriguez-Serrano, D.A., Roy-Vallejo, E.,
Zurita Cruz, N.D., Martin Ramirez, A.,
Rodriguez-Garcia, S.C., Arevalillo-
Fernandez, N., Galvan-Romaén, J.M., Fontan
Garcia-Rodrigo, L., Vega-Piris, L., Chicot
Llano, M., et al. (2021). Detection of SARS-
CoV-2 RNA in serum is associated with
increased mortality risk in hospitalized
COVID-19 patients. Sci. Rep. 11, 13134.
Giacomelli, A., Righini, E., Micheli, V., Pinoli,
P., Bernasconi, A., Rizzo, A., Oreni, L.,
Ridolfo, A.L., Antinori, S., Ceri, S., and
Rizzardini, G. (2023). SARS-CoV-2 viremia
and COVID-19 mortality: A prospective
observational study. PLoS One 18,
e0281052.

Cele, S., Karim, F., Lustig, G., San, J.E.,
Hermanus, T., Tegally, H., Snyman, J.,
Moyo-Gwete, T., Wilkinson, E., Bernstein,
M., et al. (2022). SARS-CoV-2 prolonged
infection during advanced HIV disease
evolves extensive immune escape. Cell Host
Microbe 30, 154-162.e5.

Hoffman, S.A., Costales, C., Sahoo, M.K.,
Palanisamy, S., Yamamoto, F., Huang, C.,
Verghese, M., Solis, D.A., Sibai, M.,
Subramanian, A., et al. (2021). SARS-CoV-2
Neutralization Resistance Mutations in
Patient with HIV/AIDS, California, USA.
Emerg. Infect. Dis. 27, 2720-2723.

Riddell, A.C., Kele, B., Harris, K., Bible, J.,
Murphy, M., Dakshina, S., Storey, N.,
Owoyemi, D., Pade, C., Gibbons, J.M,, et al.
(2022). Generation of novel SARS-CoV-2
variants on B.1.1.7 lineage in three patients
with advanced HIV disease. Clin. Infect. Dis.
75, 2016-2018.

Spinicci, M., Mazzoni, A., Borchi, B.,
Graziani, L., Mazzetti, M., Bartalesi, F., Botta,
A., Tilli, M., Pieralli, F., Coppi, M., et al.
(2022). AIDS patient with severe T cell
depletion achieved control but not
clearance of SARS-CoV-2 infection. Eur. J.
Immunol. 52, 352-355.

Augello, M., Bono, V., Rovito, R., Tincati, C.,
d’Arminio Monforte, A., and Marchetti, G.
(2023). Six-month immune responses to
mRNA-1273 vaccine in combination
antiretroviral therapy treated late presenter
people with HIV according to previous
SARS-CoV-2 infection. AIDS 37, 1503-1517.
Tan, C.W., Chia, W.N., Qin, X., Liu, P., Chen,
M.L.C., Tiu, C., Hu, Z., Chen, V.C.W., Young,
B.E., Sia, W.R,, et al. (2020). A SARS-CoV-2
surrogate virus neutralization test based on
antibody-mediated blockage of ACE2-spike
protein-protein interaction. Nat. Biotechnol.
38, 1073-1078.

Zhang, J.J., Dong, X., Liu, G.H., and Gao,
Y.D. (2023). Risk and Protective Factors for
COVID-19 Morbidity, Severity, and
Mortality. Clin. Rev. Allergy Immunol. 64,
90-107.

Grifoni, A., Alonzi, T., Alter, G., Noonan,
D.M., Landay, A.L., Albini, A., and Goletti, D.
(2023). Impact of aging on immunity in the
context of COVID-19, HIV, and tuberculosis.
Front. Immunol. 14, 1146704.

Taylor, J.M., Fahey, J.L., Detels, R., and
Giorgi, J.V. (1989). CD4 percentage, CD4
number, and CD4:CD8 ratio in HIV infection:
which to choose and how to use. J. Acquir.
Immune Defic. Syndr. (1988) 2, 114-124.

Lu, W., Mehraj, V., Vyboh, K., Cao, W., Li, T.,
and Routy, J.P. (2015). CD4:CDS8 ratio as a

iScience 27, 108673, January 19, 2024

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

frontier marker for clinical outcome, immune
dysfunction and viral reservoir size in
virologically suppressed HIV-positive
patients. J. Int. AIDS Soc. 18, 20052.

Chen, L., Zody, M.C., Di Germanio, C.,
Martinelli, R., Mediavilla, J.R., Cunningham,
M.H., Composto, K., Chow, K.F.,
Kordalewska, M., Corvelo, A., et al. (2021).
Emergence of Multiple SARS-CoV-2
Antibody Escape Variants in an
Immunocompromised Host Undergoing
Convalescent Plasma Treatment. mSphere
6, €0048021.

Choi, B., Choudhary, M.C., Regan, J.,
Sparks, J.A., Padera, R.F., Qiu, X., Solomon,
I.H., Kuo, H.H., Boucau, J., Bowman, K., et al.
(2020). Persistence and Evolution of SARS-
CoV-2 in an Immunocompromised Host.
N. Engl. J. Med. 383, 2291-2293.

Clark, S.A., Clark, L.E., Pan, J., Coscia, A.,
McKay, L.G.A., Shankar, S., Johnson, R.I.,
Brusic, V., Choudhary, M.C., Regan, J., et al.
(2021). SARS-CoV-2 evolution in an
immunocompromised host reveals shared
neutralization escape mechanisms. Cell 184,
2605-2617.e18.

Israelow, B., Mao, T., Klein, J., Song, E.,
Menasche, B., Omer, S.B., and Iwasaki, A.
(2021). Adaptive immune determinants of
viral clearance and protection in mouse
models of SARS-CoV-2. Sci. Immunol. 6,
eabl4509.

Peluso, M.J., Spinelli, M.A., Deveau, T.M.,
Forman, C.A., Munter, S.E., Mathur, S.,
Tang, A.F., Ly, S., Goldberg, S.A., Arreguin,
M.1., et al. (2022). Postacute sequelae and
adaptive immune responses in people with
HIV recovering from SARS-COV-2 infection.
AIDS 36, F7-F16.

Lins, L., Farias, E., Brites-Alves, C., Torres, A.,
Netto, E.M., and Brites, C. (2017). Increased
expression of CD38 and HLADR in HIV-
infected patients with oral lesion. J. Med.
Virol. 89, 1782-1787.

Karim, R., Mack, W.J., Stiller, T., Operskalski,
E., Frederick, T., Landay, A., Young, M.A,,
Tien, P.C., Augenbraun, M., Strickler, H.D.,
and Kovacs, A. (2013). Association of HIV
clinical disease progression with profiles of
early immune activation: results from a
cluster analysis approach. AIDS 27,
1473-1481.

Cannizzo, E.S., Bellistri, G.M., Casabianca,
A., Tincati, C., lannotti, N., Barco, A.,
Orlandi, C., Monforte, A.D., and Marchetti,
G. (2015). Immunophenotype and function
of CD38-expressing CD4+ and CD8+ T cells
in HIV-infected patients undergoing
suppressive combination antiretroviral
therapy. J. Infect. Dis. 211, 1511-1513.
Santinelli, L., Lazzaro, A., Sciarra, F.,
Maddaloni, L., Frasca, F., Fracella, M.,
Moretti, S., Borsetti, A., Bugani, G.,
Alessandri, F., et al. (2023). Cellular Immune
Profiling of Lung and Blood Compartments
in Patients with SARS-CoV-2 Infection.
Pathogens 12, 442.

De Biasi, S., Meschiari, M., Gibellini, L.,
Bellinazzi, C., Borella, R., Fidanza, L., Gozzi,
L., lannone, A., Lo Tartaro, D., Mattioli, M.,
et al. (2020). Marked T cell activation,
senescence, exhaustion and skewing
towards TH17 in patients with COVID-19
pneumonia. Nat. Commun. 171, 3434.
Du, J., Wei, L., Li, G., Hua, M., Sun, Y., Wang,
D., Han, K, Yan, Y., Song, C., Song, R., et al.
(2021). Persistent High Percentage of HLA-
DR. Front. Immunol. 12, 735125.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

iScience
Article

Zenarruzabeitia, O., Astarloa-Pando, G.,
Terrén, |, Orrantia, A., Pérez-Garay, R.,
Seijas-Betolaza, |., Nieto-Arana, J., Imaz-
Ayo, N., Pérez-Fernandez, S., Arana-Arri, E.,
and Borrego, F. (2021). T Cell Activation,
Highly Armed Cytotoxic Cells and a Shift in
Monocytes CD300 Receptors Expression Is
Characteristic of Patients With Severe
COVID-19. Front. Immunol. 12, 655934.
Zheng, H.Y., Zhang, M., Yang, C.X., Zhang,
N., Wang, X.C., Yang, X.P., Dong, X.Q., and
Zheng, Y.T. (2020). Elevated exhaustion
levels and reduced functional diversity of

T cells in peripheral blood may predict
severe progression in COVID-19 patients.
Cell. Mol. Immunol. 17, 541-543.

Mathew, D., Giles, J.R., Baxter, A.E.,
Oldridge, D.A., Greenplate, AR., Wu, J.E.,
Alanio, C., Kuri-Cervantes, L., Pampena,
M.B., D'Andrea, K., et al. (2020). Deep
immune profiling of COVID-19 patients
reveals distinct immunotypes with
therapeutic implications. Science 369,
eabc8511.

d'Ettorre, G., Recchia, G., Ridolfi, M.,
Siccardi, G., Pinacchio, C., Innocenti, G.P.,
Santinelli, L., Frasca, F., Bitossi, C.,
Ceccarelli, G., et al. (2020). Analysis of type |
IFN response and T cell activation in severe
COVID-19/HIV-1 coinfection: A case report.
Medicine (Baltim.) 99, €21803.

Rydyznski Moderbacher, C., Ramirez, S.1.,
Dan, J.M., Grifoni, A., Hastie, K.M.,
Weiskopf, D., Belanger, S., Abbott, RK,,
Kim, C., Choi, J., et al. (2020). Antigen-
Specific Adaptive Immunity to SARS-CoV-2
in Acute COVID-19 and Associations with
Age and Disease Severity. Cell 183, 996
1012.e19.

Sattler, A., Angermair, S., Stockmann, H.,
Heim, K.M., Khadzhynov, D., Treskatsch, S.,
Halleck, F., Kreis, M.E., and Kotsch, K. (2020).
SARS-CoV-2-specific T cell responses and
correlations with COVID-19 patient
predisposition. J. Clin. Invest. 130,
6477-6489.

Paolini, A., Borella, R., Neroni, A., Lo
Tartaro, D., Mattioli, M., Fidanza, L., Di
Nella, A., Santacroce, E., Gozzi, L., Busani,
S., et al. (2022). Patients Recovering from
Severe COVID-19 Develop a Polyfunctional
Antigen-Specific CD4+ T Cell Response. Int.
J. Mol. Sci. 23, 8004.

Su, Y., Chen, D., Yuan, D., Lausted, C., Choi,
J., Dai, C.L, Vaillet, V., Duvvuri, V.R.,
Scherler, K., Troisch, P., et al. (2020). Multi-
Omics Resolves a Sharp Disease-State Shift
between Mild and Moderate COVID-19.
Cell 183, 1479-1495.e20.

Lafon, E., Diem, G., Witting, C., Zaderer, V.,
Bellmann-Weiler, R.M., Reindl, M., Bauer,
A., Griesmacher, A., Fux, V., Hoermann, G.,
et al. (2021). Potent SARS-CoV-2-Specific T
Cell Immunity and Low Anaphylatoxin
Levels Correlate With Mild Disease
Progression in COVID-19 Patients. Front.
Immunol. 12, 684014.

Mann, E.R., Menon, M., Knight, S.B., Konkel,
J.E., Jagger, C., Shaw, T.N., Krishnan, S.,
Rattray, M., Ustianowski, A., Bakerly, N.D.,
et al. (2020). Longitudinal immune profiling
reveals key myeloid signatures associated
with COVID-19. Sci. Immunol. 5, eabd6197.
Georg, P., Astaburuaga-Garcia, R.,
Bonaguro, L., Brumhard, S., Michalick, L.,
Lippert, L.J., Kosteve, T., Gabel, C.,
Schneider, M., Streitz, M., et al. (2022).
Complement activation induces excessive


http://refhub.elsevier.com/S2589-0042(23)02750-5/sref61
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref61
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref61
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref61
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref62
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref62
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref62
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref62
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref62
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref62
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref62
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref62
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref62
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref63
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref63
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref63
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref63
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref63
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref63
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref63
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref64
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref64
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref64
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref64
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref64
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref64
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref64
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref65
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref65
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref65
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref65
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref65
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref65
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref65
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref66
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref66
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref66
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref66
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref66
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref66
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref66
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref67
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref67
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref67
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref67
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref67
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref67
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref67
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref68
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref68
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref68
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref68
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref68
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref68
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref68
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref69
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref69
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref69
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref69
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref69
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref69
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref69
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref70
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref70
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref70
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref70
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref70
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref71
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref71
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref71
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref71
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref71
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref72
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref72
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref72
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref72
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref72
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref73
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref73
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref73
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref73
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref73
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref73
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref74
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref74
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref74
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref74
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref74
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref74
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref74
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref74
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref74
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref75
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref75
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref75
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref75
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref75
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref75
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref76
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref76
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref76
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref76
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref76
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref76
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref76
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref77
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref77
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref77
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref77
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref77
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref77
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref78
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref78
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref78
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref78
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref78
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref78
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref78
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref79
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref79
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref79
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref79
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref79
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref80
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref80
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref80
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref80
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref80
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref80
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref80
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref80
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref81
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref81
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref81
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref81
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref81
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref81
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref81
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref81
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref82
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref82
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref82
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref82
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref82
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref82
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref82
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref83
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref83
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref83
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref83
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref83
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref83
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref83
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref84
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref84
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref84
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref84
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref85
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref85
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref85
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref85
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref85
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref85
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref85
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref85
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref85
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref86
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref86
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref86
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref86
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref86
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref86
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref86
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref87
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref87
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref87
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref87
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref87
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref87
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref87
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref87
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref88
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref88
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref88
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref88
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref88
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref88
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref88
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref89
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref89
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref89
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref89
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref89
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref89
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref89
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref89
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref90
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref90
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref90
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref90
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref90
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref90
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref90
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref91
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref91
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref91
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref91
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref91
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref91
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref91
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref92
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref92
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref92
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref92
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref92
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref92
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref93
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref93
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref93
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref93
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref93
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref93
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref93
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref93
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref94
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref94
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref94
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref94
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref94
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref94
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref95
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref95
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref95
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref95
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref95

iScience
Article

T cell cytotoxicity in severe COVID-19. Cell
185, 493-512.e25.

96. Shuwa, H.A., Shaw, T.N., Knight, S.B.,
Wemyss, K., McClure, F.A., Pearmain, L.,
Prise, I., Jagger, C., Morgan, D.J., Khan, S.,
et al. (2021). Alterations in T and B cell
function persist in convalescent COVID-19
patients. Med (N'Y) 2, 720-735.e4.

97. Zhang, Y., Yin, Y., Zhang, S., Luo, H., and
Zhang, H. (2016). HIV-1 Infection-Induced
Suppression of the Let-7i/IL-2 Axis
Contributes to CD4(+) T Cell Death. Sci.
Rep. 6, 25341.

98. Kassu, A., D'Souza, M., O'Connor, B.P.,
Kelly-McKnight, E., Akkina, R., Fontenot,
A.P., and Palmer, B.E. (2009). Decreased
4-1BB expression on HIV-specific CD4+
T cells is associated with sustained viral
replication and reduced IL-2 production.
Clin. Immunol. 132, 234-245.

99. Bono, V., Augello, M., Tincati, C., and
Marchetti, G. (2022). Failure of CD4+ T-cell
Recovery upon Virally-Effective cART: an

100.

101.

102.

103.

104.

Enduring Gap in the Understanding of HIV+
Immunological non-Responders. New
Microbiol. 45, 155-172.

Tjan, L.H., Furukawa, K., Nagano, T., Kiriu,
T., Nishimura, M., Arii, J., Hino, Y., lwata, S.,
Nishimura, Y., and Mori, Y. (2021). Early
Differences in Cytokine Production by
Severity of Coronavirus Disease 2019.

J. Infect. Dis. 223, 1145-1149.

Fawzy, S., Ahmed, M.M., Alsayed, B.A., Mir,
R.,and Amle, D. (2022). IL-2 and IL-1B Patient
Immune Responses Are Critical Factors in
SARS-CoV-2 Infection Outcomes. J. Pers.
Med. 12, 1729.

Abbas, A.K. (2020). The Surprising Story of
IL-2: From Experimental Models to Clinical
Application. Am. J. Pathol. 190, 1776-1781.
Gaffen, S.L., and Liu, K.D. (2004). Overview
of interleukin-2 function, production and
clinical applications. Cytokine 28, 109-123.
Ross, S.H., and Cantrell, D.A. (2018).
Signaling and Function of Interleukin-2 in T

¢? CellPress

OPEN ACCESS

Lymphocytes. Annu. Rev. Immunol. 36,
411-433.

105. Galvan-Pefia, S., Leon, J., Chowdhary, K.,

Michelson, D.A., Vijaykumar, B., Yang, L.,
Magnuson, A.M., Chen, F., Manickas-Hill, Z.,
Piechocka-Trocha, A., et al. (2021). Profound
Treg perturbations correlate with COVID-19
severity. Proc. Natl. Acad. Sci. USA 118,
e2111315118.

106. Caldrer, S., Mazzi, C., Bernardi, M., Prato,

M., Ronzoni, N., Rodari, P., Angheben, A.,
Piubelli, C., and Tiberti, N. (2021).
Regulatory T Cells as Predictors of Clinical
Course in Hospitalised COVID-19 Patients.
Front. Immunol. 12, 789735.

107. Meckiff, B.J., Ramirez-Suastegui, C.,

Fajardo, V., Chee, S.J., Kusnadi, A., Simon,
H., Eschweiler, S., Grifoni, A., Pelosi, E.,
Weiskopf, D., et al. (2020). Imbalance of
Regulatory and Cytotoxic SARS-CoV-2-
Reactive CD4. Cell 183, 1340-1353.e16.

iScience 27, 108673, January 19, 2024 15


http://refhub.elsevier.com/S2589-0042(23)02750-5/sref95
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref95
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref96
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref96
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref96
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref96
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref96
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref96
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref97
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref97
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref97
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref97
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref97
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref98
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref98
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref98
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref98
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref98
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref98
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref98
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref99
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref99
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref99
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref99
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref99
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref99
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref100
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref100
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref100
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref100
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref100
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref100
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref101
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref101
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref101
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref101
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref101
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref102
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref102
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref102
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref103
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref103
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref103
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref104
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref104
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref104
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref104
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref105
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref105
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref105
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref105
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref105
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref105
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref105
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref106
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref106
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref106
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref106
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref106
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref106
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref107
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref107
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref107
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref107
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref107
http://refhub.elsevier.com/S2589-0042(23)02750-5/sref107

¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLE

iScience

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Viobility Fixable Dye 405/520 Miltenyi Biotec 120-028-574

CD4-APC-Vio770
CD8-APC
HLA-DR-VioBlue
CD38-PE-Vio770
Granzyme-B-PE
Perforin-FITC
CD8-PerCP-Vio700
IL-17A-FITC
IL-4-PE
TNF-0~PE-Vio770
IFN-y-VioBlue
IL-2-APC

Goat anti-human k light chain antibody biotinylated
Goat anti-human A light chain antibody biotinylated

Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Bethyl Laboratories

Bethyl Laboratories

Cat# 130-113-223; RRID:
Cat# 130-110-679; RRID:
Cat# 130-111-794; RRID:
Cat# 130-113-432; RRID:
Cat# 130-116-486; RRID:
Cat# 130-118-189; RRID:
Cat# 130-110-682; RRID:
Cat# 130-120-410; RRID:
Cat# 130-123-698; RRID:
Cat# 130-120-492; RRID:
Cat# 130-119-577; RRID:
Cat# 130-111-304; RRID:

AB_2726034
AB_2659237
AB_2652162
AB_2733228
AB_2727564
AB_2733686
AB_2659249
AB_2752083
AB_2905285
AB_2784483
AB_2751736
AB_2652419

Cat# A80-115B; RRID: AB_1966048
Cat# A80-116B; RRID: AB_1966050

Human Anti-SARS-CoV-2 Spike RBD Creative Diagnostics CABT-CS044
Monoclonal Antibody, clone BIB116

Biological samples

PBMCs This study N/A

Plasma This study N/A
Chemicals, peptides, and recombinant proteins

PepTivator® SARS-CoV-2 Prot_S Miltenyi Biotec 130-126-700
PepTivator® SARS-CoV-2 Prot_N Miltenyi Biotec 130-126-698
PepTivator® SARS-CoV-2 Prot_M Miltenyi Biotec 130-126-702
Phorbol myristate acetate (PMA) Sigma-Aldrich 16561-29-8
lonomycin Sigma-Aldrich 56092-82-1
Brefeldin A ThermoFisher 00-4506-51
Paraformaldehyde solution, 4% in PBS ThermoFisher 15670799
Saponin Sigma-Aldrich 8047-15-2
Carbonate-bicarbonate Sigma-Aldrich C3041-50cap
Avidin-HRP ThermoFisher 18-4100-51
3,3',5,5'-tetramethylbenzidine (TMB) Invitrogen 229280010
H2SO4 Sigma-Aldrich 4803641000
Soluble human angiotensin-converting InvivoGen Fc-hace2
enzyme 2 (ACE2) protein fused to a

human IgG1 Fc tag

SARS-CoV-2 (COVID-19) S protein ACROBiosystems SPD-C52H3

RBD, His Tag (MALS verified)

Recombinant wild-type SARS-CoV-2 RBD-HRP
Lymphosep, Lymphocyte Separation Media
Dimethyl Sulfoxide

Biaffin GmbH & Co KG
Biowest

EuroClone

SPD-SR2H0-200
L0560
67-68-5

16 iScience 27, 108673, January 19, 2024

(Continued on next page)



iScience

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

MACSPIlex Cytokine 12 kit, human Miltenyi Biotec 130-099-169

QlAamp Viral RNA Mini Kit QIAGEN 221413

Oligonucleotides

CDC 2019-nCoV_N1 primers and probe set Centers for Disease Control and N/A
Prevention, CDC

TagPath™ 1-Step RT-qPCR Master Mix CG ThermoFisher A15299

Software and algorithms

FlowLogic 8 Inivai Technologies N/A

FlowJo 10.8 BD Biosciences N/A

Prism 9.4 GraphPad by Dotmatics N/A

SPICE 6.0 National Institutes of Health N/A

Other

Vacutainer™ EDTA BD Biosciences 367525

High-binding 96-well plates Greiner Bio-One 655061

Fetal bovine serum EuroClone ECS0180L

Bovine serum albumin Sigma-Aldrich A7030-100G

RPMI 1640 w/o L-Glutamine EuroClone ECB2000

PBS Dulbecco’s w/o Calcium w/o Magnesium EuroClone ECB4004

Penicillin-Streptomycin Sigma P4333-100ML

L-Glutamine Gibco 25030-149

TWEEN® 20 Sigma P9416-100ML

FACSVerse™ BD Biosciences N/A

Sunrise™ TECAN N/A

EnSight™ Multimode Plate Reader PerkinElmer N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Giulia Marchetti

(giulia.marchetti@unimi.it).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e All data reported in this paper will be shared by the lead contact upon request. This work is licensed under a Creative Commons Attri-
bution 4.0 International (CC BY 4.0) license, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited. To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This study involved human participants, whose characteristics are described in Tables 1 and 2.

The study was approved by the local Ethics Committee (Comitato Etico ASST Santi Paolo e Carlo: 2020/ST/049, 2020/ST/049_BIS); written
informed consent was obtained from each participant. All research was performed in accordance with the Declaration of Helsinki.

iScience 27, 108673, January 19, 2024 17


mailto:giulia.marchetti@unimi.it
https://creativecommons.org/licenses/by/4.0/

¢? CellPress iScience
OPEN ACCESS

METHOD DETAILS

Study design and population

In this cross-sectional study we consecutively enrolled unvaccinated PLWH hospitalized for ascertained SARS-CoV-2 infection (positive RT-
PCR nasopharyngeal swab) and radiologically documented pneumonia at one of the participating Infectious Diseases centers in Northern
[taly. Age- and sex-matched HIV-negative individuals with COVID-19 pneumonia requiring hospitalization were also enrolled as controls. De-
mographic and clinical characteristics of the study participants as well as HIV-related features of PLWH were collected. P,O2/FiO; nadir, i.e.
the ratio between arterial partial pressure of oxygen (P,O,) and fraction of inspired oxygen (F,O,) at its lowest point throughout the hospi-
talization, was used as a marker of the degree of respiratory insufficiency.

PBMCs and plasma isolation

Peripheral blood samples were collected in EDTA tubes from all study participants. Plasma was separated by centrifugation and stored at —
80°C. Peripheral blood mononuclear cells (PBMCs) were obtained by Ficoll density gradient centrifugation (Lymphosep medium, Biowest),
cryopreserved in fetal bovine serum (EuroClone) with 10% Dimethyl Sulfoxide (EuroClone), and stored at -80°C and then in liquid nitrogen.

SARS-CoV-2 RNAemia

Quantitative assessment of SARS-CoV-2 RNA was performed on frozen plasma. Briefly, viral RNA was extracted from 140 mL of plasma by
using the QlAamp Viral RNA Mini Kit (QIAGEN), following the manufacturer’s instructions. 5 L of extracted RNA was quantified by real-
time PCR using the CDC 2019-nCoV_N1 primers and probe set (Centers for Disease Control and Prevention, CDC, update June 2020)
and the TagPath™ 1-Step RT-gPCR Master Mix CG (ThermoFisher). For absolute quantification, 10-fold dilutions of the 2019-nCoV_N Positive
Control plasmid (Integrated DNA Technologies) were used to generate a standard curve. The assay was run in duplicate for each sample and
a non-template control well was included as negative control. Quantification of the RPP30 gene was performed to determine the quality of
RNA extraction.

Plasma cytokines

Plasma cytokines (GM-CSF, IFN-a, IFN-y, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-17A, and TNF-a) were quantified with the Human
MACSPIlex Cytokine 12 Kit (Miltenyi Biotec) according to the manufacturer’s instructions. Briefly, freshly thawed plasma samples were diluted
1:4 with assay diluent and incubated for 2 hours with the MACSPlex Cytokine 12 Capture Beads, followed by 1 hour of incubation with the
MACSPlex Cytokine 12 Detection reagent. Samples were resuspended in 200 plL of assay buffer, acquired on a FACSVerse™ cytometer
(BD Biosciences) and analyzed with FlowLogic 8 (Inivai Technologies).

Immunophenotyping

T cell activation and pro-cytolytic phenotype were determined by flow cytometry. Briefly, 1.5x10° thawed PBMCs were plated in complete
RPMI containing 10% human serum supplemented with 1% penicillin-streptomycin-glutamine. Overnight-rested PBMCs were stained with
the appropriate surface antibodies for 20 minutes at 4°C in the dark; after 2% paraformaldehyde (PFA) fixation for 30 minutes at 4°C, cells
were permeabilized with 0.2% saponin (Sigma-Aldrich) and stained for intracellular markers (Granzyme-B and Perforin) for 30 minutes at
room temperature. Cells were then washed and resuspended in 500 pL of phosphate buffered saline (PBS). Dead cells were labeled using
Viobility Fixable Dye (Miltenyi Biotec). Antibodies used were: CD4-APC-Vio770, CD8-APC, HLA-DR-VioBlue, CD38-PE-Vio770, Gran-
zyme-B-PE and Perforin—FITC (Miltenyi Biotec).

Samples were acquired using FACSVerse™ cytometer (BD Biosciences) and FCS files were analyzed using FlowJo 10.8 (BD Biosciences).
Activated T cells were defined as CD38+HLA-DR+, whereas pro-cytolytic (cytotoxic) T cells—i.e., T cells with pre-formed intracellular cytotoxic
molecules —as either Granzyme-B(GRZB)+, Perforin(PRF)+, or GRZB+PRF+. GRZB and PRF were gated separately and then their coexpression
was determined by using the FlowJo Boolean Gating tool (combination gates). Intracellular GRZB and PRF production by pro-cytolytic T cells
was quantified by means of median fluorescence intensity (MFI). Representative plots are shown in supplemental information (Figure S1).

Intracellular cytokine staining (ICS) assay

SARS-CoV-2-specific T cell responses were measured by means of a flow cytometric intracellular cytokine staining (ICS) assay. Briefly, 1.5%10°
thawed PBMCs were plated in complete RPMI containing 10% human serum supplemented with 1% penicillin-streptomycin-glutamine. Over-
night-rested PBMCs were stimulated for 5 hours with a pool of commercially available 15-mer peptides (1 ng/mL) covering the immunodo-
minant sequence domain of the wild-type Spike (S) protein, the complete sequence of the Nucleocapsid (N) protein, and the complete
sequence of the Membrane (M) protein (PepTivator SARS-CoV-2, Miltenyi Biotec). Phorbol myristate acetate (PMA) and ionomycin
(Sigma-Aldrich) were used as positive control (25 ng/mL and 1 pg/mL, respectively), whereas negative controls were left untreated. Brefeldin
(1 mg/mL) was added after 1 h of stimulation. Cells were harvested and stained for surface markers 20 minutes at 4°C in the dark; after 2% PFA
fixation, cells were permeabilized with 0.2% saponin (Sigma-Aldrich) and stained for intracellular cytokines for 30 minutes at room tempera-
ture. Dead cells were labeled using Viobility Fixable Dye (Miltenyi Biotec). Antibodies used were: CD4-APC-Vio770, CD8-PerCP-Vio700,
IL-17A-FITC, IL-4-PE, TNF-0—PE-Vio770, IFN-y-VioBlue, IL-2-APC (Miltenyi Biotec).
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Samples were acquired using FACSVerse™ cytometer (BD Biosciences) and FCS files were analyzed using FlowJo 10.8 (BD Biosciences).
SARS-CoV-2-specific T cells were determined subtracting unspecific background activation in paired unstimulated samples (negative control)
from stimulated samples; negative values were set to zero. SARS-CoV-2-specific T cells were expressed by percentage and integrated median
fluorescence intensity (iIMFI), a metric which incorporates both magnitude (frequency of cytokine-producing cells) and quality (MFI, which
quantify cytokine production by such cells) of an immune response, thus reflecting the total functional response of a population of cyto-
kine-producing T cells. T cell polyfunctionality was assessed by using the FlowJo Boolean Gating tool (combination gates) and SPICE 6.0
to identify single-, dual-, triple- cytokine-producing SARS-CoV-2-specific Th1 cells. Representative plots are shown in supplemental informa-
tion (Figure S2).

Anti-RBD antibodies

Total anti-RBD antibodies were determined in plasma samples by a homemade ELISA. Briefly, high-binding 96-well plates (Greiner Bio-One)
were coated with 3 png/mL of recombinant wild-type SARS-CoV-2 receptor binding domain (RBD) (ACROBiosystems) diluted in 0.5 mM of
carbonate-bicarbonate buffer pH 9.6 (Sigma-Aldrich) and incubated overnight at 4°C. Plates were washed with PBS-0.05%Tween-20 and
blocked for 1 hour with PBS-2%BSA at 37°C. Plasma samples were serially diluted in PBS-1%BSA in triplicates (1:40, 1:240 and 1:1440), added
to plates, and incubated for 2 hours at 37°C. A mix of biotinylated goat anti-human k and A light chain were used at 1:2500 (Bethyl Labora-
tories, Inc., A80-115B and A80-116B) for detection, followed by avidin-HRP diluted at 1:2000 (ThermoFisher), for 30 minutes at room temper-
ature in the dark and mild agitation. The detection was carried out with 3,3',5,5'-tetramethylbenzidine (TMB) (Invitrogen) and quenched with
1 M H,SOy4. Two plasma samples collected before the SARS-CoV-2 pandemic were included as negative controls, whereas an RBD-specific
monoclonal antibody (Human Anti-SARS-CoV-2 Spike RBD Monoclonal Antibody, clone BIB116, Creative Diagnostics) was included as pos-
itive control. The optical density (OD) was measured by using TECAN Sunrise™ at 450 nm and 620 nm, and the area under the curve (AUC) was
determined with GraphPad Prism 9.4.

Spike-ACE2 binding inhibition activity

A Spike-ACE2 inhibition assay was used to measure the ability of antibodies to block the interaction between the spike protein RBD and the
ACE2 receptor, thus estimating potential viral neutralization activity, as previously described. Briefly, high-binding 96-well plates (Corning)
were coated with 2 pg/mL of recombinant human ACE2-Fc (InvivoGen) diluted in 100 mM carbonate-bicarbonate buffer pH 9.6 (Sigma-
Aldrich) and incubated overnight at 4°C. Plates were washed with PBS-0.05%Tween-20 and blocked with PBS-2%BSA for 1 hour at room tem-
perature. Plasma samples were diluted 1:20 in triplicates in PBS-1%BSA and incubated with 12 ng of recombinant wild-type SARS-CoV-2 RBD-
HRP (ACROBiosystems) for 1 hour at 37°C. Plates were washed and incubated with the pre-incubated plasma and RBD-HRP for 1 hour at room
temperature, then detected with TMB and 1 M H,SO,. RBD-HRP alone (negative control) and plasma samples of the pre-COVID-19 era with
no RBD-HRP (positive controls) were also included. The OD was measured by using EnSight (Multimode Plate Reader, PerkinElmer) at 450 nm
and 570 nm. The results were expressed as percentage (%) of inhibition, calculated as [(1 — sample OD)/average negative control OD)]x 100.

QUANTIFICATION AND STATISTICAL ANALYSIS

Continuous variables were expressed as median (interquartile range, IQR), while categorical variables as number, n (percentage, %). Mann-
Whitney U test was used for comparisons between groups for continuous variables. Fisher exact test was employed for comparison of cat-
egorical variables. Spearman’s correlation test was used for correlations between continuous variables. Principal Component Analysis
(PCA) was used to visualize plasma cytokines clustering patterns in the two study groups. Data were analyzed and graphed with
GraphPad Prism 9.4. Permutation test in SPICE 6.0 was employed to compare polyfunctionality patterns of SARS-CoV-2-specific Th1 cells
in the two groups. P values less than 0.05 were considered statistically significant.
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