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Medicine, Department of Medicine Solna, Division of Infectious Diseases, Karolinska University Hospital, Karolinska Institutet,
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Background: SARS-CoV-2 transmission mainly occurs through exposure of the upper
airway mucosa to infected secretions such as saliva, which are excreted by an infected
person. Thus, oral mucosal immunity plays a central role in the prevention of and early
defense against SARS-CoV-2 infection. Although virus-specific antibody response has
been extensively investigated in blood samples of SARS-CoV-2-infected patients and
vaccinees, local humoral immunity in the oral cavity and its relationship to systemic
antibody levels needs to be further addressed.

Material andMethods:We fine-tuned a virus neutralization assay (vNTA) to measure the
neutralizing activity (NA) of plasma and saliva samples from 20 SARS-CoV-2-infected (SI),
40 SARS-CoV-2-vaccinated (SV), and 28 SARS-CoV-2-vaccinated subjects with a history
of infection (SIV) using the “wild type” SARS-CoV-2 lineage B.1 (EU) and the Delta
(B.1.617.2) strains. To validate the vNTA results, the presence of neutralizing antibodies
(NAbs) to the spike receptor binding domain (RBD) was evaluated with an ELISA assay.

Results: NA to SARS-CoV-2 lineage B.1 (EU) was present in plasma samples from all the
tested subjects, with higher titers in SIV compared to both SI and SV. Conversely, NA was
detected in saliva samples from 10.3% SV, 45% SI, and 92.6% SIV, with significantly
lower titers in SV compared to both SI and SIV. The detection of NAbs in saliva reflected its
reduced NA in SV.

Discussion: The difference in NA of plasma vs. saliva was confirmed in a vNTA where the
SARS-CoV-2 B.1 and Delta strains were tested head-to-head, which also revealed a
reduced NA of both specimens compared to the B.1 variant.

Conclusions: The administration of SARS-CoV-2 vaccines was associated with limited
virus NA in the oral cavity, as measured in saliva and in comparison to plasma. This
difference was more evident in vaccinees without a history of SARS-CoV-2 infection,
org March 2022 | Volume 13 | Article 82025015
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possibly highlighting the importance of local exposure at the site of virus acquisition to
effectively prevent the infection and block its spread. Nevertheless, the presence of
immune escape mutations as possibly represented by the SARS-CoV-2 Delta variant
negatively affects both local and systemic efficacy of NA associated with vaccination.
Keywords: SARS-CoV-2, saliva, neutralizing activity, antibodies, variants
INTRODUCTION

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2), the etiological agent of Coronavirus Disease 2019 (COVID-
19) pandemic, has affected more than 250 million people,
causing approximately 5 million deaths in the global
population as reported by the World Health Organization
(WHO, November 2021). At present, the acquisition of
immunity by anti-SARS-CoV-2 vaccines represents the most
promising chance to contain the COVID-19 pandemic.

The virus uses the receptor binding domain (RBD), within the
spike protein, to bind the angiotensin-converting enzyme 2
(ACE2) on the surface of epithelial cells in the upper
respiratory tract (1). Viral transmission may occur by
asymptomatic, pre-symptomatic, and symptomatic individuals
through close exposure to infected secretions such as saliva,
respiratory secretions, or respiratory droplets (2, 3). Thus, SARS-
CoV-2 infection mainly affects the cells of the superior airways,
and the nasopharyngeal swab is the specimen of choice for
diagnosis of infection. However, the virus is also able to infect
and replicate in the salivary glands, which is why saliva
represents a safe and non-invasive sample to detect both viral
RNA and SARS-CoV-2-specific antibodies (4–7). Oral tissues,
encompassing salivary glands and mucosa, may play a double
function: on one side, they are sites of early infection, playing a
critical role in viral spreading to the lungs or the gastrointestinal
tract via saliva (8); at the same time, they represent the first line
of defense against a plethora of pathogens as already
demonstrated for other microbial-associated diseases, including
pneumonia (9) and inflammatory bowel diseases (10).

The mechanisms responsible for the immunological
surveillance and tolerance at this site, safeguarding tissue
homeostasis, include a complex network orchestrated by
dendritic cells (DCs) that process and present specific antigens
to resident T cells, which in turn activate B cells producing
SARS-CoV-2-specific IgA (30%) and IgG (70%) (11). The
induction of a microbe-specific mucosal immunity represents
an unequivocal sign of an active infection (12, 13), but whether
the intramuscular administration of a vaccine is capable of
triggering mucosal immunity is still a matter of debate. For
example, in mice, parenteral administration of the influenza
vaccine has been shown to fail to induce an effective mucosal
immune response (14).

Since the beginning of SARS-CoV-2 vaccination campaign, a
large part of the population has already been immunized
; SV, SARS-CoV-2 vaccinated; SIV,
T, virus neutralization assay.
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worldwide, and the presence of neutralizing antibodies (NAbs)
in the serum of vaccinated subjects has been assessed.
Conversely, the neutralizing response in oral mucosa needs to
be further investigated. Given the preponderance of these routes
in establishing new infections, we optimized the gold standard
virus neutralization assay (vNTA), requiring live pathogen and
largely employed to test plasma samples (5–7, 15–17) to detect
the presence of neutralizing activity (NA) in saliva samples from
infected and/or vaccinated subjects.
METHODS

Study Design
An observational study was designed to evaluate the
development of humoral immunity in SARS-CoV-2-infected
(SI), SARS-CoV-2-vaccinated (SV), and SARS-CoV-2-infected
and -vaccinated (SIV) subjects induced by BNT162b2
(Comirnaty) or AZD1222 anti-SARS-CoV-2 vaccines. The
primary end point of the study was to optimize a vNTA in
order to compare samples representative of the systemic and
local response in the oral cavity to SARS-CoV-2, i.e., plasma and
saliva, of the same individual, as well as between SV and SIV
within each of two compartments. Secondary end points were (i)
validation of the vNTA as a surrogate of the presence of SARS-
CoV-2-specific NAbs in saliva, and (ii) application of the vNTA
to evaluate virus NA of saliva against the currently main variant
of concern, Delta. The study design is summarized in Figure 1.

Virus and Cell Lines
SARS-CoV-2 variants, including the lineage B.1 (EU) (accession
number: EPI_ISL_412973), assumed as comparator virus, and the
Delta (lineage B.1.617.2) (accession number: EPI_ISL_1970729)
were isolated from positive nasopharyngeal swabs (NPS). All the
strains were identified by means of whole genome sequencing and
the sequences were submitted to GISAID. The virus was
propagated in VeroE6 cells (ATCC® VERO C1008, CRL-
1586™) and viral titers were determined by Median Tissue
Culture Infectious Dose (TCID50) endpoint dilution assay.
Briefly, serial 10-fold dilutions of viral suspension, from 106 to
10−4 TCDI50/ml (50 ml), were plated onto 96-well plates, incubated
at 37°C in 5%CO2 and checked daily tomonitor the virus-induced
cytopathic effect (CPE) by Optical microscope observation
(ZOE™ Fluorescent Cell Imager, Bio-Rad, Hercules, CA, USA).
Seventy-two hours post infection (hpi) viral titer was determined
by crystal violet dyeing method, as previously described (18). All
the experiments with SARS-CoV-2 virus were performed in a
BSL3 facility.
March 2022 | Volume 13 | Article 820250
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Study Population and Sample Collection
Plasma and saliva samples were obtained from 20 SARS-CoV-2 SI
[mean age (years) ± DS: 29.4 ± 20.5; range: 18–83; female: 60%],
40 SARS-CoV-2 SV [mean age (years) ± SD: 34.1 ± 11.5; range:
18–62; female: 67.5%], and 28 SARS-CoV-2 SIV [mean age
(years) ± SD: 41.36 ± 19.19; range: 18–61; female: 57.14%],
enrolled at Infectious Diseases Unit, Policlinic “Riuniti” of
Foggia (Italy). SARS-CoV-2 infection was determined by
SARS-CoV-2 molecular test of nasopharyngeal swabs. All the
SARS-CoV-2-infected recovered patients were asymptomatic or
pauci-symptomatic. The vaccinated subjects were administered
either the BNT162b2 or AZD1222 vaccine (SV: 15 AZD1222 and
25 BNT162b2; SIV: 5 AZD1222 and 23 BNT162b2). All the SV
and SIV subjects were administered two doses according to the
specific vaccination schedules (BNT162b2: dose II administered
21 days after dose I; AZD1222: dose II administered 90 days after
dose I). Subjects who were vaccinated within 6 months from
SARS-CoV-2 infection recovery received just a single vaccine
dose. The administered vaccine, time from infection [mean time
(months) ± SE: SI = 5.7 ± 0.5; SIV = 7.9 ± 0.7], and time from
vaccination [mean time (months) ± SE: SV = 3.6 ± 0.3; SIV =
3.4 ± 0.5] are reported in Table 1. Plasma was obtained by
centrifugation of whole blood at 1,200×g for 10 min and storage at
−20°C until use. Plasma samples were analyzed using iFlash
SARS-CoV-2 IgG and IgM (C86095G–C86095M–Shenzhen
YHLO Biotech Co, Shenzhen, China) to exclude a possible
ongoing asymptomatic infection since the assay targets both
nucleocapsid and spike proteins. Only the subjects included in
the SI and SIV groups resulted to have SARS-CoV-2 N plus S
antigens (Supplementary Table 1).
Frontiers in Immunology | www.frontiersin.org 37
All saliva samples were collected on the same day of testing, by
spitting after repeated mouth-washing with water. Saliva was
incubated at 56°C for 10 min and centrifuged at 6,000×g for 10
min. Supernatants were used for further analyses. Participants were
asked not to eat, drink, or smoke at least 30 min prior to collection.

We obtained informed written consent from all the subjects
to perform the procedure and analysis, according to CARE
guidelines and in compliance with the Declaration of Helsinki
principles. The study was approved by the Ethics Committee of
Policlinic “Riuniti” of Foggia (protocol number 49/C.E./2021).

SARS-CoV-2 Virus Neutralization Assay
At the time of use, plasma samples were thawed at room
temperature and incubated at 56°C for 30 min, to inactivate
the complement proteins. Neutralization activity (NA) against
SARS-CoV-2 B.1 (EU) and Delta (lineage B.1.617.2) variant by
vNTA was performed as follows. Briefly, 50 ml of plasma samples,
starting from a 1:10 dilution followed by serial twofold series, was
transferred in two wells of 96-well microtiter plates (COSTAR,
Corning Incorporated, NY 14831, USA) and mixed with 50 µl of
tissue culture infecting dose 50 (TCID50) of SARS-CoV-2. All
dilutions were made in DMEM with the addition of 1%
L-Glutamine, 2% penicillin and streptomycin, and 2% fetal
bovine serum. After 2 h of incubation at 37°C and 5% CO2,
100 µl of the mixture of the supernatant containing the plasma
and virus was transferred to microplates seeded with 2 × 104

VeroE6 cells for 72 h at 37°C and 5% CO2.
As antibody concentration is lower in saliva samples than in

plasma (19), and because of saliva’s natural composition, it was
necessary to set up a vNTA partially modified from the one
FIGURE 1 | Graphical representation of the study workflow. SARS-CoV-2-infected (SI), vaccinated (SV), and infected–vaccinated (SIV) subjects were enrolled in the
study (Step 1). Blood and saliva samples were collected and processed (Step 2) so as to be analyzed for neutralizing activity (NA) by SARS-CoV-2 neutralization assay
(NTA), neutralizing antibodies (Nabs) by enzyme-linked immunosorbent assay (ELISA), as well as cytokine production (Multiplex ELISA).
March 2022 | Volume 13 | Article 820250
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TABLE 1 | Cohort study features.

Subject no. Gender Age (years) PlasmaNAb titer Saliva NAb titer %Anti-RBD (ELISA) Time from
infection (months)

Time from
vaccination (months)

Vaccine

WT Delta WT Delta

SV 1 F 30 80 nd – nd 40,5 – 3 AZD1222
2 F 27 160 nd – nd 33 – 3 AZD1222
3 F 33 640 nd – nd nd – 3 AZD1222
4 M 27 40 nd – nd 27 – 3 AZD1222
5 M 24 80 nd – nd nd – 3 AZD1222
6 F 36 160 nd – nd 33 – 3 AZD1222
7 F 27 20 nd – nd nd – 6 BNT-162b2
8 F 51 40 nd – nd 4,5 – 6 BNT-162b2
9 M 57 80 nd – nd nd – 6 BNT-162b2
10 M 39 640 nd – nd 18 – 3 AZD1222
11 F 22 640 nd – nd nd – 6 BNT-162b2
12 M 22 320 nd – nd nd – 6 BNT-162b2
13 F 30 640 nd – nd nd – 6 BNT-162b2
14 F 38 640 nd – nd 19 – 3 AZD1222
15 M 27 640 nd 4 nd 39,5 – 3 BNT-162b2
16 M 30 160 nd – nd nd – 3 BNT-162b2
17 F 30 80 nd – nd nd – 3 BNT-162b2
18 F 30 80 nd – nd nd – 3 BNT-162b2
19 F 35 320 nd – nd nd – 6 BNT-162b2
20 M 23 320 nd – nd nd – 6 BNT-162b2
21 F 24 640 nd – nd nd – 6 BNT-162b2
22 F 24 1280 nd – nd nd – 6 BNT-162b2
23 F 24 320 nd – nd nd – 4 BNT-162b2
24 F 18 nd nd – nd nd – 1 BNT-162b2
25 F 18 nd nd 16 nd nd – 1 BNT-162b2
26 F 60 640 nd – nd nd – 4 AZD1222
27 F 40 320 nd 2 nd 40,5 – 4 BNT-162b2
28 F 62 160 nd – nd nd – 3 AZD1222
29 M 36 320 nd – nd 58 – 1 BNT-162b2
30 M 45 2560 nd 2 nd 51 – 0.5 BNT-162b2
31 M 38 nd nd – nd 61 – 3 AZD1222
32 F 32 nd nd – nd 21,5 – 4 BNT-162b2
33 M 37 320 320 8 2 58,5 – 0.5 BNT-162b2
34 F 50 nd nd – nd 7 – 3 BNT-162b2
35 F 43 nd nd – nd 16 – 3 AZD1222
36 M 51 10 – nd nd nd – 4 AZD1222
37 F 33 30 20 – – nd – 4 AZD1222
38 F 45 40 20 – – nd – 4 AZD1222
39 F 18 nd nd – nd 18,5 – 3 BNT-162b2
40 F 28 nd nd – nd 27 – 4 BNT-162b2

SI 1 M 52 160 nd – nd nd 6 – –

2 M 18 80 nd – nd nd 6 – –

3 F 18 160 20 4 nd nd 6 – –

4 F 18 320 40 4 nd nd 6 – –

5 M 19 80 nd 2 nd 21,5 3 – –

6 F 80 1280 80 40 nd nd 3 – –

7 M 83 800 400 80 nd nd 3 – –

8 M 18 160 nd – nd nd 6 – –

9 M 22 20 nd – nd nd 6 – –

10 F 20 80 nd – nd nd 6 – –

11 F 20 160 nd 2 nd nd 6 – –

12 F 20 80 nd – nd nd 6 – –

13 F 19 20 nd – nd nd 4 – –

14 F 30 40 nd – nd nd 7 – –

15 F 51 640 nd 2 nd nd 3 – –

16 F 18 nd nd – nd nd 7 – –

17 M 30 160 nd – nd nd 7 – –

18 M 18 nd nd 2 nd nd 5 – –

19 F 18 nd nd 2 nd nd 6 – –

20 F 18 nd nd – nd nd >12 – –

SIV 1 F 24 1600 nd 8 nd nd >12 6 BNT-162b2

(Continued)
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commonly used to test plasma specimens. One-hundred
microliters of saliva was seeded in a 96-well microtiter plate
undiluted, and then it was diluted 1:2 in the next 6 wells. Fifty
microliters of SARS-CoV-2 TCID50 was added to each well and
incubated for 2 h at 37°C at 5% CO2. After incubation, 100 ml of
the solution containing saliva and virus was transferred to
microplates seeded with 2 × 104 VeroE6 cells and incubated
for 72 h at 37°C and 5% CO2.

At the end of incubation, cells were stained with 0.1% m/v
crystal violet solution (Merck KGaA, 64271 Darmstadt, Germany)
previously fixed with 4% formaldehyde 37% m/v (Merck KGaA,
Darmstadt, Germany) for 20 min. Microtiter plates were then
washed with PBS. Wells were scored to evaluate the degree of CPE
compared to the virus control. Blue staining of wells indicated the
presence of NA. Neutralizing titer corresponds to the maximum
dilution with the reduction of 90% of CPE. A positive titer was
equal to or greater than 1:10 or 1:2 for plasma and saliva samples,
respectively. Every test included plasma control (1:10 dilution) or
saliva control (undiluted), cell control (VeroE6 cells alone), and
viral control (threefold series dilution).

Anti-RDB NAb Measurement
SARS-CoV-2 anti-RDB NAbs were measured employing a
commercial ELISA kit (Viazyme, Delft, Netherlands). Analyses
were performed on a subgroup of SV (n = 18) and SIV (n = 15)
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subjects. Saliva samples were preincubated with HRP-RBD. After 30
min, they were seeded into anACE2-coated ELISA plate to reveal the
presence of anti-RBD antibodies, according to the manufacturer’s
guidelines. Anti-RBD quantification [1 − (OD of sample/mean OD
of negative control)] × 100% was assessed on a standard curve
generated by progressive 1:10 dilutions of the positive control.
According to the manufacturer instructions, results below 20%
threshold were considered as negative. Undetectable samples were
assigned the value 10% as the midpoint between 0 and the threshold
for the purpose of statistical analysis.

Cytokine Quantification in Saliva Samples
by Multiplex ELISA
The concentration of 8 cytokines/chemokines was assessed on the
saliva specimens collected from a subgroup of vaccinated subjects
(SV: n = 19; and SIV: n = 21) using magnetic bead-based
immunoassays (Bio-Rad, CA, USA), according to the
manufacturer’s protocol via Bio-Plex 200 technology (Bio-Rad,
CA, USA). Some of the targets resulted in having values above the
normal range, and an arbitrary value of 10,000 pg/ml was assigned,
while 0 pg/ml was assigned to values below the limit of detection.

Statistical Analyses
For the study variables, medians and ranges were reported for
quantitative variables, and absolute and relative frequencies were
TABLE 1 | Continued

Subject no. Gender Age (years) PlasmaNAb titer Saliva NAb titer %Anti-RBD (ELISA) Time from
infection (months)

Time from
vaccination (months)

Vaccine

WT Delta WT Delta

2 M 40 3200 nd 8 nd 54 3 3 BNT-162b2
3 F 55 1600 nd 32 nd nd 4 1 BNT-162b2
4 F 54 3200 160 16 8 nd >12 6 AZD1222
5 F 61 12800 nd 32 nd nd >12 1 AZD1222
6 M 47 800 nd 2 nd 28,5 >12 6 AZD1222
7 F 25 12800 nd 64 nd nd 4 2 BNT-162b2
8 F 22 3200 nd 4 nd nd >12 6 BNT-162b2
9 F 49 3200 800 32 2 32 >12 6 BNT-162b2
10 M 24 800 nd – nd nd 7 2 BNT-162b2
11 M 18 nd nd 32 nd nd 5 0.5 BNT-162b2
12 F 44 6400 nd 8 nd nd 5 3 BNT-162b2
13 M 18 nd nd 8 nd nd 5 1 BNT-162b2
14 F 45 3200 nd 8 nd nd >12 3 AZD1222
15 F 38 1600 nd 4 nd nd 7 5 BNT-162b2
16 F 61 nd nd 2 nd 47,5 >12 8 BNT-162b2
17 F 18 nd nd 32 2 68 6 1 BNT-162b2
18 M 18 3200 400 8 4 79 6 3 BNT-162b2
19 M 83 nd nd 128 32 90 3 1 BNT-162b2
20 M 52 3200 800 16 8 44 6 0.5 BNT-162b2
21 F 18 nd nd 32 4 61 6 1 BNT-162b2
22 F 56 nd nd – nd 30 10 5 BNT-162b2
23 F 80 nd nd 128 32 88 3 6 BNT-162b2
24 F 22 nd nd 16 nd 83 6 3 BNT-162b2
25 M 25 nd nd 4 nd 45 6 3 BNT-162b2
26 F 55 nd nd 4 nd 62 6 0.5 BNT-162b2
27 M 59 nd nd 4 nd 64 6 4 BNT-162b2
28 M 47 120 60 nd nd nd >12 8 AZD1222
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NAb, neutralizing antibody.
RBD, receptor binding domain.
rticle 820250

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Garziano et al. SARS-CoV-2 and Oral Mucosal Immunity
reported for categorical variables. The Student’s t-test and
analysis of variance (ANOVA) were applied when appropriate
for statistical analysis to compare variables among the analyzed
groups. A p-value < 0.05 was set as cutoff for significance. The
analyses were performed using GraphPad Prism 9.

All the procedures were carried out in accordance with the
GLP guidelines adopted in our laboratories.
RESULTS

Neutralizing Activity in Plasma and
Saliva Samples From SARS-CoV-2-
Infected and/or Vaccinees
NA was not tested for plasma samples from 4 SI, 8 SV, and 12
SIV subjects, and saliva samples from 1 SV and 1 SIV because
their samples were not available. Results of systemic humoral
response elicited by infection and or vaccine administration
showed that NA was present in 16/16 SI (100%), 32/32 SV
(100%), and 16/16 SIV (100%) plasma samples. Notably, NA in
plasma samples was comparable in SI (mean value ± SE: 265 ±
87.15) and SV (mean value ± SE: 388.12 ± 86.98) but significantly
lower compared to SIV (mean value ± SE: 3807.5 ± 719.36) (p <
0.001 in both cases) (Figure 2A).

A different trend was observed in NA in saliva samples by
vNTA. Thus, NA was present only in saliva of 5 out of 39 SV
Frontiers in Immunology | www.frontiersin.org 610
subjects (12.8%), 9/20 SI subjects (45%), and 25/27 SIV subjects
(92.6%) (Figure 2A). In line with the results observed in plasma
samples, saliva NA was significantly higher in SIV (mean value ±
SE: 23.4 ± 6.48) compared to both SI (mean value ± SE: 6.9 ±
4.32) (p < 0.001) and SV (mean value ± SE: 0.8 ± 0.46) (p <
0.0001) (Figure 3A).

To address the potential impact of the variability in the period
of time between sample collection and infection and/or
vaccination, we stratified samples within each group into two
subgroups according to the time of sample collection (early vs.
late). Although we observed a clear decline in NA over time in
both plasma and saliva samples for SI, SV, and SIV
(Supplementary Figure S1), such change did not affect the
comparison between SI and SIV, and SV vs. SIV, whose
findings were replicated by analyzing samples belonging to the
two identified time points separately (Supplementary Figure
S2). Nevertheless, we were not able to validate the comparison SI
vs. SV due to a substantial difference between the time from
infection (approximately 6 months) and time from vaccination
(approximately 3 months) for these two groups.

Of note, a superior fraction of saliva sample from SI returned
a positive NA test result compared to SV in spite of such longer
period of time.

By dividing SV subjects according to the vaccine they were
administered, we observed that NA in plasma was higher in
BNT162b2 (mean value ± SE: 487 ± 128.35)- compared to
AZD1222 (mean value ± SE: 223.33 ± 74)-vaccinated subjects
A

B

D EC

FIGURE 2 | Neutralizing activity (NA) from plasma and saliva of SARS-CoV-2-infected and/or vaccinated subjects, measured by virus neutralization assay (vNTA).
NA in plasma and saliva samples are reported in panel (A). Correlation between NA in plasma and saliva samples of all tested subjects are showed in panel (B),
while correlation between NA in plasma and saliva specimens of SARS-CoV-2-infected (SI), SARS-CoV-2-infected and vaccinated (SIV), and SARS-CoV-2-
vaccinated (SV) subjects are represented in panels (C–E), respectively. ***p < 0.0001.
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(p < 0.05) (Supplementary Figure S3A). Likewise, all the SV
subjects who displayed a NA in saliva received the BNT162b2
vaccine (5/25 = 20%) (Supplementary Figure S3B).

No correlation with sex or age was detected with NA neither
in plasma nor in saliva samples from the enrolled groups (data
not shown).

Correlation Between SARS-CoV-2
NA Quantified by vNTA in
Plasma and Saliva Samples
NA measured by vNTA was soundly correlated in plasma and
saliva samples from all of the subjects enrolled in the study (SI +
SV + SIV) (p < 0.0001) (Figure 2B). By analyzing these three
groups independently, we observed that such correlation was
maintained for SI (p < 0.001) (Figure 2C) as well as SIV subjects
(p < 0.01) (Figure 2D), but not in SV (Figure 2E). Moreover, by
dividing SIV subjects according to the vaccine they were
administered, the positive correlation between plasma and
saliva NA was maintained for BNT162b2-vaccinated
individuals (p < 0.01) (Supplementary Figure S3C), but not
for the AZD1222 vaccines (data not shown).

Quantification of Anti-RBD NAbs (ELISA)
and Correlation With vNTA
According to the NA data obtained by vNTA on salivary samples
from a subgroup of subjects (SV = 18; SIV = 15) (mean value ± SE:
SV = 1.66.6 ± 0.42; SIV = 27.8 ± 11.28) (p < 0.05) (Figure 3A),
Frontiers in Immunology | www.frontiersin.org 711
the concentration of anti-RBD NAbs quantified by ELISA
commercial kit was higher in SIV (mean value% ± SE: 58.40 ±
5.33) compared to SV (mean value% ± SE: 30.58 ± 4.48) (p <
0.0001) (Figure 3B). Indeed, taking into account all the subjects
(SV + SIV), we observed a positive correlation between NA
quantified by the two techniques (vNTA and ELISA) (p < 0.01)
(Figure 3C). In particular, all of the 18 individuals who had saliva
vNTA produced even anti-RBD NAbs (Table 1). However, of the
15 subjects who were negative for the vNTA assay, 9 (60%) tested
positive to the production of anti-RBDNAbs (Table 1), suggesting
that the two technical approaches cannot be used interchangeably
because they identify different parameters.

Moreover, the production of anti-RBD NAbs quantified by
ELISA was positively correlated to the production of salivary NA
tested by vNTA in SIV (p < 0.05) (Figure 3D); conversely, we
observed a trend towards a positive correlation, which did not
reach statistical significance (p = 0.0512) in SV group (Figure 3E).

NA in Saliva and Plasma Samples to
B.1.617.2 (Delta) Strain
Saliva (n = 11) and plasma (n = 13) collected from a subgroup of
subjects enrolled in the study, who displayed NA against the
lineage B.1 (EU), assumed as reference virus, were tested against
the Delta (lineage B.1.617.2) variant. Mean values ± SE were
1,221.5 ± 427.2 for the EU strain and 240 ± 86.7 for the Delta
strain, in plasma samples (p < 0.05) (Figure 4A); and 36.4 ± 16.6
for the EU strain and 8.5 ± 4.2 for the Delta strain, in saliva
A B

D EC

FIGURE 3 | Neutralizing activity (NA) and anti-RBD NAbs titer in saliva samples from SARS-CoV-2-infected and/or vaccinated subjects. (B) NA quantified by vNTA
in a subgroup of SV (n = 18) and SIV (n = 15) subjects is reported in panel (A). In the same subgroup, anti-RBD NAb production was detected by ELISA assay. The
dashed line is representative of a cutoff equal to 20%. *p < 0.05, ***p < 0.001. (C) Taking into account all the subjects (SV+SIV), we observed a positive correlation
between salivary NA tested by the two techniques (vNTA and ELISA). The production of anti-RBD NAbs quantified by ELISA was positively correlated to the NA
tested by NTA in SIV (D) but not in the SV group (E).
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specimens (p < 0.05) (Figure 4B). Thus, there was a 5-fold and 4-
fold reduction in the neutralization titers against the Delta variant
in plasma and saliva samples, respectively (Figures 4C, D),
although at lower titers, NA against the Delta variant was still
detectable in both biological samples from subjects who showed
NA against the EU lineage. As a whole, the NA of vaccine immune
sera against the EU variant was maintained to that against the
Delta strain in both plasma (p < 0.01) (Figure 4E) and saliva (p <
0.0001) (Figure 4F) strain.

Cytokine/Chemokine Quantification in
Saliva Samples
In order to verify if the higher NA detected in samples from
BNT162b2-vaccinated subjects was associated with an increased
immune activation, we assessed the levels of 8 cytokines, including
classic pro- and anti-inflammatory mediators like IL-6, IL-8, IL-
10, IFNg, and TNF, in saliva samples from SV and SIV subjects.
No differences in cytokine concentration were observed by
comparing saliva samples from SV and SIV, suggesting that
infection does not influence the release of cytokines in the oral
mucosa in response to vaccination (data not shown). However,
overall cytokine production was higher in saliva specimens from
BNT162b2 (SIV+SV: n = 28)- compared to AZD1222 (SIV+SV:
n = 12)-vaccinated individuals with a statistically significant
difference for IL-6 (p < 0.05), IL-10 (p < 0.01), and IFNg (p <
0.05) (Supplementary Figure S4). The time of sample collection
from vaccination was comparable between AZD1222 and
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BNT162b2 groups (mean month value ± SE: AZD1222 = 3.4 ±
0.3; BNT162b2 = 3.3 ± 0.3).
DISCUSSION

SARS-CoV-2 is an airborne virus that infects epithelial cells of the
mucosa of the upper airways to eventually spread further, causing
pulmonary and multi-organ infection and damage in some
patients (20). Several studies have shown that saliva contains
infectious SARS-CoV-2 particles in both symptomatic and
asymptomatic individuals, and it can provide useful information
on local immunity at the primary site of virus acquisition (8, 19,
21, 22). Such knowledge is of pivotal importance for the
development of effective immunomodulatory strategies to
prevent and cure the infection, including vaccines. Although
they have been widely tested and used in humans, the outcome
of SARS-CoV-2 vaccines on local virus-specific immune responses
in the airway mucosa is still poorly characterized. To this end, we
decided to optimize and validate a virus neutralization test, which
has long been used to estimate antibody-mediated protection
upon vaccination in plasma samples, to investigate the NA of
saliva in a cohort of subjects with different history of SARS-CoV-2
infection and/or vaccination.

As previously documented by other authors (6, 23, 24), our
current results showed that NA is present in 100% of serum
samples from all the enrolled groups (SI, SV, and SIV), although
A B

D

E F

C

FIGURE 4 | vNTA against SARS-CoV-2 lineage EU (B.1) and Delta variant (B.1.617.2). Virus neutralization assay (vNTA) titer on the Delta variant was significantly
lower compared to the «wild type» SARS-CoV-2 (EU) in both plasma (A) and saliva (B) samples. *p < 0.05. Comparison between the EU variant and Delta variant in
plasma and saliva samples from each enrolled subject is reported in panels (C, D), respectively. Lines connect the NAbs of each individual subject. In panels (E)
(plasma) and (F) (saliva), vNTA correlation between the EU and the Delta variant is described.
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the neutralization titer was significantly higher in SIV compared
to both SI and SV. Conversely, NA in saliva specimens was
detected in almost all SIV individuals (92%), but just in half of SI
and 20% of SV and only following BNT162b2 vaccination in the
latter. In line with two recent studies on virus-specific antibody
detection in saliva of vaccines (25, 26), our results suggest that
intramuscular SARS-CoV-2 vaccination alone elicited long-
lasting (3 months post-administration) oral mucosal immunity
only in a minority of subjects who received two doses, while one
dose of vaccine boosted an anti-SARS-CoV-2 response in those
individuals who were previously infected.

This possibly underlines the importance of local exposure at
the site of virus transmission to efficiently prevent the infection
and avoid its spreading, a condition that is not or is partly fulfilled
by intramuscular vaccination in the absence of local pre-existing
immunity. In fact, the intramuscular vaccine administration route
reportedly stimulates systemic immunity, whereas intranasal or
oral vaccinations trigger a local immune response also
characterized by active secretion of mucosal antibodies passing
into the fluids wetting the mucosa (27). Current vaccines intended
to elicit local protection against viruses comprise intranasal spray
(FluMist) for influenza (28) and oral drops for rotavirus (RotaTeq/
Rotarix) (29, 30), polio (31), and typhoid (Vivotif) (32). The
biology concerning the new SARS-CoV-2 vaccine preparations,
mainly mRNA vaccines, which may stimulate distinctive kinds of
antibody responses in different anatomical districts, is still largely
unknown and deserves dedicated investigations. In line with
previous reports (33, 34), we observed a decline in NA over
time in plasma for all three groups. As expected, such decline
was also observed in saliva samples. Of note, although the lack of
differences in NA titers between SI and SVmight be explained by a
longer period of time elapsed from infection in SI (6 months) than
that from vaccination in SV (3 months), a 3-fold larger fraction of
SI (45%) than SV (13%) displayed NA in saliva. We cannot rule
out episodes of re-exposure and/or asymptomatic infection after
the reported time of diagnosis for SI. However, a possible
explanation to a greater longevity or efficacy of the immune
response induced by natural infection may be the persistent
exposure to virus antigens associated with a sub-clinical
infection as detected in the intestine of recovered COVID-19
patients up to 4 months after diagnosis (35). Nevertheless, while
the time from infection was comparable between SIV and SI, the
vast majority of SIV (92%) displayed a superior NA in saliva as
well as plasma samples collected 3 months after vaccination, thus
highlighting the efficacy of the vaccine booster regimen also in
subjects recovered from COVID-19.

Even if vaccination per se does not result in effective and/or
durable antibody responses at the site of virus transmission,
other determinants of mucosal immunity, that were not
evaluated in the present study, may account for local
protection against SARS-CoV-2. On the other hand, some
recently published papers reported a different overview of
salivary antibodies in SARS-CoV-2-vaccinated subjects. Nahass
et al. found IgG and IgA anti-RBD antibodies as well as NA in
plasma and saliva specimens from both convalescent and
mRNA-vaccinated subjects (7). Likewise, Ketas and colleagues
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reported that anti-S-protein IgG was present in every saliva
sample from recipients of 2 mRNA vaccine doses (6). Even
more recently, S1-specific IgA and IgG responses with
neutralizing activity were detected in the nasal mucosa of
mRNA SARS-CoV-2 vaccinees (36). Yet, it should be noted
that salivary antibody detection, in these studies, was assessed by
techniques other than vNTA, namely ELISA, chemiluminescent
immunoassay (CLIA), flow cytometry, and pseudoviruses
neutralization assays. Soon after the very early stage of the
pandemic, these tests have been extensively used, allowing for
faster and greater testing capacity. Although they provide useful
indications, these assays do not unbiasedly evaluate the ability of
a biological specimen, and/or the antibodies contained therein,
to neutralize the infectivity of viral particles. In fact, RBD-
binding tests account for an important fraction of NAbs, but
do not quantify the NA directed against epitopes other than
those commonly recognized by commercial CLIA/ELISA, such
as the N-terminal domain of the spike protein (37–40). Likewise,
the use of pseudoviruses could lead to incongruent results
because they do not entirely recapitulate the life cycle of
primary isolates. In line with this observation, in our study, the
results on salivary anti-RBD NAbs quantified by ELISA were not
fully mirrored by those obtained by vNTA, as some samples that
did not display NA in the vNTA tested positive in the ELISA test.
In support of our results, Sheikh-Mohamed and colleagues (5)
recently published a study providing evidence of robust anti-
Spike/RBD IgG and sIgA Ab in the saliva of vaccinated subjects,
but only modest levels of neutralizing capacity in saliva
specimens at 2 weeks after the second vaccine dose.
Additionally, Mileto et al. did not observe a correlation
between the quantity of systemic antibodies detected by CLIA
assays and their NA tested by vNTA in plasma from SARS-CoV-
2-vaccinated healthcare workers (24). These discrepancies
suggest that SARS-CoV-2 serological tests may provide
incomplete information on the protective feature of systemic
or local immunity. Multiple tests addressing different
mechanisms underlying humoral as well as cell-mediated virus
specific immune responses are, therefore, needed to address the
full extent of immunity associated with natural infection
and vaccination.

The appearance of new variants of concerns (VOC), with
lowered susceptibility to neutralizing antibodies, raises some
worries on the possibility of evading vaccination-induced NA,
as already documented on plasma samples (16, 17, 41–46). To
verify if SARS-CoV-2 vaccines confer immunity in the oral cavity
against mutated strains, we tested the NA of saliva and plasma
samples from SV and SIV in a head-to-head comparison between
B.1.617.2 (Delta) and B.1 (EU) variants in the same vNTA. In SV
and SIV, the Delta strain displayed a partial immune escape in
both specimens as demonstrated by lower NA titers compared to
the EU lineage. However, a strong positive correlation in NA
titers between the two strains confirmed the observation that
existing vaccines can protect from severe disease even against
potential new variants (34).

Another intriguing observation rising from this study
concerns the higher protective efficacy apparently triggered by
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BNT162b2 compared to AZD1222. Indeed, at the systemic level,
the NA was significantly higher in SV vaccinated with BNT162b2
compared to AZD1222; even more oddly, salivary NA was
detected only in 5 SV subjects, all of whom received the
BNT162b2 vaccine. A plausible explanation stems from a
recently published paper suggesting that BNT162b2
administration elicited higher IgG and IgA titers compared to
adenoviral vector AZD1222, thus providing mucosal immunity
activation to prevent infection at oral and nasopharyngeal
mucosa (47). The degree of immune protection offered by
different vaccine types is likely associated with multiple factors,
possibly reflected by variations in local immunological milieu as
evidenced by our cytokine analysis. Ad hoc studies on larger
cohorts are necessary to validate this hypothesis and pinpoint the
role played by each factor in the observed response.

There are some limitations to our study: this was a non-
randomized observational study, and it was not planned to
investigate neither the production of the different antibody
subtypes (i.e., IgA, IgG, and IgM) nor their maintenance over
time post infection and/or vaccination. Also, while the main
antiviral function of Ab is to neutralize virions, they may also
display non-neutralizing effector functions mediated via their Fc
fragments (i.e., Ab-dependent cellular phagocytosis, Ab-
dependent cellular cytotoxicity, and Ab-dependent activation
of classical complement cascade), whose activity should be
monitored for completeness, as already performed in previous
studies (48). Moreover, the study was not prospective, and
therefore, it was limited by sample availability and suffers from
some variability in specimen collection time points. To be
validated, these results need more detailed, prospectively
designed, and randomized studies, for instance, following the
administration of a third dose. Notwithstanding, in our hands,
the salivary vNTA was reliable and reproducible and offered
many potential advantages: (1) saliva collection is simple, safe,
non-invasive, and can be collected by any individual without the
need of a phlebotomist; (2) the test is easy and relatively
inexpensive using standard laboratory equipment; (3) vNTA is
still considered the gold standard for determining antibody
protective efficacy (15) and none of the tests developed to
mimic NA, by means of anti-RBD NAbs detection, can
currently replace it for the functional evaluation of antibodies
(49); (4) the vNTA test may be useful to evaluate the level of
cross-reactivity between vaccine antisera and variant strains that
may correlate with cross-protection in the host; and (5) saliva
offers a glimpse into circulating antibodies, attributed to vascular
leakage from the gingival crevicular epithelium. Nonetheless,
compared to other commercial techniques, vNTA requires cell
culture, high biocontainment laboratories (i.e., BSL-3), more
time and labor, and specific technical skills, resulting in being
too cumbersome to be employed in routine testing of a large
number of samples. To the best of our knowledge, this is one of
the first studies to assess the NA of saliva using a vNTA and
multiple variants of SARS-CoV-2. We hope that the results of
this study will contribute to streamline the use of relevant
samples to address local immunity at mucosal sites of interest
and will highlight the importance of including such analysis for
Frontiers in Immunology | www.frontiersin.org 1014
an improved estimate of the efficacy of prophylactic and
therapeutic interventions.
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assay (NTA) over time. NA in plasma and saliva samples of SI, and SIV analyzing
according to the time from infection are reported in panel (A, B), respectively. (C, D)
panels show NA in plasma and saliva of SV and SIV divided according to the time
from vaccine administration. No statistically significant differences were observed in
neither plasma nor saliva specimens from the enrolled groups over time.

Supplementary Figure 2 | Comparison of Neutralizing activity (NA) in plasma and
saliva of subjects stratified according to the time from infection and/or vaccination.
NA in plasma (A) and saliva (B) specimens from SI and SIV groups sampled before
and after 6 months from symptoms onset. Plasma and saliva NA of SV and SIV
groups are compared respectively in panel (C, D) before and after 3 months from
vaccine administration. Significance difference are reported into the graph: *p<0.05,
**p<0.01, ***p<0.001.
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Supplementary Figure 3 | Neutralizing activity (NA) in plasma and saliva samples
of SV and SIV subjects, measured by virus neutralisation assay (vNTA). NA in
plasma and saliva samples are reported in panel (A, B), respectively. Vaccinated
subjects were divided according to the administrated vaccine: adenovirus-based
(AZD1222) or mRNA (BNT162b2). *p<0.05, **p<0.01, ***p<0.001. In panel (C) the
positive correlation between NA quantified in plasma and saliva samples from BNT-
162b2 vaccinated subjects is shown.

Supplementary Figure 4 | Cytokine quantification in saliva samples from SV and
SIV subjects. Cytokine concentration in saliva samples from SV (n=19) and SIV
(n=21) subjects divided according to the anti-SARS-CoV-2 vaccine they were
administered (AZD1222: n°=12; BNT162b2: n°=28). Mean values ± SE are
reported. *p<0.05; **p<0.01.
REFERENCES
1. Yang J, Petitjean SJL, Koehler M, Zhang Q, Dumitru AC, Chen W, et al.

Molecular Interaction and Inhibition of SARS-CoV-2 Binding to the ACE2
Receptor. Nat Commun (2020) 11:4541. doi: 10.1038/s41467-020-18319-6

2. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A Novel Coronavirus
From Patients With Pneumonia in China, 2019. N Engl J Med (2020)
382:727–33. doi: 10.1056/NEJMoa2001017

3. Zhang R, Li Y, Zhang AL, Wang Y, Molina MJ. Identifying Airborne
Transmission as the Dominant Route for the Spread of COVID-19. Proc
Natl Acad Sci U S A (2020) 117:14857–63. doi: 10.1073/pnas.2009637117

4. Pisanic N, Randad PR, Kruczynski K, Manabe YC, Thomas DL, Pekosz A,
et al. COVID-19 Serology at Population Scale: SARS-CoV-2-Specific
Antibody Responses in Saliva. J Clin Microbiol (2020) 59:e02204-20.
doi: 10.1128/JCM.02204-20

5. A Mucosal Antibody Response is Induced by Intra-Muscular SARS-CoV-2
mRNA Vaccination, in: Medrxiv. Available at: https://www.medrxiv.org/
content/10.1101/2021.08.01.21261297v2 (Accessed November 19, 2021).

6. Ketas TJ, Chaturbhuj D, Portillo VMC, Francomano E, Golden E,
Chandrasekhar S, et al. Antibody Responses to SARS-CoV-2 mRNA
Vaccines Are Detectable in Saliva. Pathog Immun (2021) 6:116–34.
doi: 10.20411/pai.v6i1.441

7. Intramuscular SARS-CoV-2 Vaccines Elicit Varying Degrees of Plasma and
Salivary Antibody Responses as Compared to Natural Infection, in: Medrxiv.
Available at: https://www.medrxiv.org/content/10.1101/2021.08.22.
21262168v1 (Accessed November 19, 2021).
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Microbial Protein Binding to
gC1qR Drives PLA2G1B-Induced
CD4 T-Cell Anergy
Julien Pothlichet1*, Annalisa Meola1†, Florence Bugault1†, Louise Jeammet1,
Anne G. Savitt 2, Berhane Ghebrehiwet2, Lhousseine Touqui3,4, Philippe Pouletty5,
Frédéric Fiore6, Alain Sauvanet7 and Jacques Thèze1*

1 DIACCURATE, Paris, France, 2 Division of Rheumatology, Allergy, and Clinical Immunology, Department of Medicine,
SUNY Stony Brook, Stony Brook, NY, United States, 3 Cystic Fibrosis and Bronchial Diseases team - INSERM U938, Institut
Pasteur, Paris, France, 4 Centre de Recherche Saint-Antoine (CRSA) - INSERM UMRS938, Sorbonne Université, Paris,
France, 5 Truffle Capital, Paris, France, 6 Centre d’Immunophénomique, Aix Marseille Université, INSERM, CNRS, Marseille,
France, 7 Service de Chirurgie Hépatobiliaire et Pancréatique - Department of HBP Surgery, Hôpital Beaujon - University of
Paris, Clichy, France

The origin of the impaired CD4 T-cell response and immunodeficiency of HIV-infected
patients is still only partially understood. We recently demonstrated that PLA2G1B
phospholipase synergizes with the HIV gp41 envelope protein in HIV viremic plasma to
induce large abnormal membrane microdomains (aMMDs) that trap and inactivate
physiological receptors, such as those for IL-7. However, the mechanism of regulation
of PLA2G1B activity by the cofactor gp41 is not known. Here, we developed an assay to
directly follow PLA2G1B enzymatic activity on CD4 T-cell membranes. We demonstrated
that gp41 directly binds to PLA2G1B and increases PLA2G1B enzymatic activity on CD4
membrane. Furthermore, we show that the conserved 3S sequence of gp41, known to
bind to the innate sensor gC1qR, increases PLA2G1B activity in a gC1qR-dependent
manner using gC1qR KO cells. The critical role of the 3S motif and gC1qR in the inhibition
of CD4 T-cell function by the PLA2G1B/cofactor system in HIV-infected patients led us to
screen additional microbial proteins for 3S-like motifs and to study other proteins known
to bind to the gC1qR to further investigate the role of the PLA2G1B/cofactor system in
other infectious diseases and carcinogenesis. We have thus extended the PLA2G1B/
cofactor system to HCV and Staphylococcus aureus infections and additional pathologies
where microbial proteins with 3S-like motifs also increase PLA2G1B enzymatic activity.
Notably, the bacteria Porphyromonas gingivalis, which is associated with pancreatic
ductal adenocarcinoma (PDAC), encodes such a cofactor protein and increased
PLA2G1B activity in PDAC patient plasma inhibits the CD4 response to IL-7. Our
findings identify PLA2G1B/cofactor system as a CD4 T-cell inhibitor. It involves the
gC1qR and disease-specific cofactors which are gC1qR-binding proteins that can
contain 3S-like motifs. This mechanism involved in HIV-1 immunodeficiency could play
org March 2022 | Volume 13 | Article 824746117
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a role in pancreatic cancer and several other diseases. These observations suggest that
the PLA2G1B/cofactor system is a general CD4 T-cell inhibitor and pave the way for
further studies to better understand the role of CD4 T-cell anergy in infectious diseases
and tumor escape.
Keywords: HIV, PLA2G1B, CD4 T cell, gC1qR, HCV, staphylococcus aureus, porphyromonas gingivalis,
infectious disease
INTRODUCTION

CD4 T cells orchestrate efficient antimicrobial and antitumoral
immunity. Impairment of CD4 T cells function plays a critical
role in several diseases. One of the most highly studied is the
severe immunodeficiency of HIV-infected patients. We recently
showed that more than 80% of CD4 T cells from HIV-infected
patients exhibited morphological anomalies characterized by
numerous large abnormal membrane microdomains (aMMDs)
that trap and inactivate physiological receptors, resulting in CD4
T-cell unresponsiveness (anergy) (1). Such aMMD-bearing cells
were named “Bumpy T cells”, due to their appearance upon
microscopic observation. We identified phospholipase A2 group
1B (PLA2G1B) as the key molecule responsible for the formation
of aMMDs in HIV viremic patients (VP) plasma. Treatments of
CD4 T cells isolated from healthy donors (HD) with purified
recombinant PLA2G1B induced Bumpy T cells, similarly to HIV
VP plasma. HD plasma had no effect. Immunodepletion
experiments, as well as experiments with an antibody that
inhibits the enzymatic activity of PLA2G1B, confirmed that the
PLA2G1B molecule is the active component in the plasma of
HIV-infected VP that inhibits the CD4 T-cell response to IL-7,
IL-2, and IL-4. These large aMMDs were shown to trap the IL-7R
alpha chain and the gamma-c chain which is common to IL-7,
IL-2, and IL-4 receptors. These cytokine receptors lose their
function when embedded in such aMMDs. Consequently, the
Jak/STAT pathway was not functional and IL-7-induced
phospho-STAT5 nuclear translocation (pSTAT5-NT) was
inhibited and used as a standard assay to follow PLA2G1B
activity (1).

PLA2G1B was initially named pancreatic PLA2 due to its
primary production in pancreatic tissue. Two forms of PLA2G1B
are present in the pancreas, the intestinal tract, and in human
plasma (1). It is expressed as an inactive precursor called
proPLA2G1B, which contains a propeptide in the N-terminal
part that masks the active site of PLA2G1B and blocks the access
of the lipid substrate to the catalytic site of the protein (2). Upon
digestion by a trypsin protease, the propeptide is removed to
generate the active form of PLA2G1B (active PLA2G1B).
Immunohistochemistry analysis of normal human pancreatic
tissue has shown that active PLA2G1B is present in the exocrine
component of the pancreas but not in the endocrine component,
whereas proPLA2G1B is also present in the endocrine
component (1). Active PLA2G1B was initially described for its
role in the intestinal absorption of lipids before our recent
demonstration of its role in CD4 T-cell anergy and CD4 T-cell
lymphopenia in HIV-infected patients (1).
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The inhibitory activity of PLA2G1B that induces the Bumpy
phenotype was observed in the plasma of HIV VP but not that of
HD, ART-treated patients (ART), or HIV controllers (HIC). The
quantification of active PLA2G1B by ELISA showed the protein
concentration to be similar in the plasma of VP, ART and HIC,
with the median only 1.4-fold higher in VP than in HD plasma.
However, PLA2G1B activity was only observed in VP plasma.
Thus, we postulated that other factors present in VP plasma may
boost the activity of PLA2G1B on CD4 T cells. We showed that
recombinant HIV gp41 envelope protein increases PLA2G1B
activity on CD4 T cells in a dose-dependent manner using the
pSTAT5-NT response to IL-7 as a read-out. The activity of the
gp41 cofactor depends on a sequence with three serine amino
acids called 3S (3) conserved among HIV strains, as a similar
increase in PLA2G1B inhibitory activity was observed with the
3S peptide alone (1).

These findings led us to propose a role for the PLA2G1B/
cofactor system as a negative regulator of CD4 T-cell function.
We have further shown that both components of the system are
essential for its activity in the plasma of VP. PLA2G1B is the
active component as anti-PLA2G1B Ab abrogates the inhibitory
activity of VP plasma. Moreover, immunodepletion of gp41 from
HIV VP plasma, using a polyclonal anti-gp41 antibody or an
anti-gp41 antibody directed against the 3S sequence, almost
completely abrogates the inhibitory activity of VP plasma on
CD4 T cells. In this system, PLA2G1B activity is regulated by
gp41 (or 3S) as a cofactor that appears to target PLA2G1B to the
CD4 T-cell surface. The PLA2G1B/gp41 pair constitutes a
mechanism of immune dysfunction and a compelling target
for boosting immune responses in HIV-infected patients.
However, the precise mode of action of the effect of the
gp41/3S cofactor on the membrane is not known (1).

Here, we first confirmed our previous observations that the
inhibitory activity of VP plasma on the pSTAT5-NT response to
IL-7 is due to the enzymatic activity of PLA2G1B using several
PLA2 inhibitors and the anti-PLA2G1B mAb that we developed
to inhibit PLA2G1B. We developed an assay to directly
investigate the effect of gp41 protein on the enzymatic activity
of PLA2G1B on the cell surface membrane of CD4 T cells based
on the labelling of primary human CD4 T cells with tritiated
arachidonic acid ([3H]AA). Thus, the enzymatic activity of
PLA2G1B can be measured by quantifying the radioactivity in
the cell supernatant released from the membrane of the
radiolabeled CD4 T cells. We show that [3H]AA is released in
a PLA2G1B dose-dependent manner and that this activity
correlates with the inhibition of pSTAT5-NT. Moreover, the
enzymatic activity of PLA2G1B on CD4 T cells increases in a
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gp41 dose-dependent manner, confirming the cofactor effect of
gp41, which directly enhances PLA2G1B activity on the
membranes of CD4 T cells.

The gp41/3S sequence binds to the receptor for the globular
head of complement component C1q, the gC1q receptor
(gC1qR) (4, 5). Notably, we showed that the gp41/3S peptide
increases PLA2G1B activity on WT but not gC1qR KO cells,
showing that the stimulation of PLA2G1B enzymatic activity by
3S is gC1qR-dependent. The gC1qR has been shown to bind to
several microbial proteins (6). Thus, we postulated that the
regulation of PLA2G1B may not be restricted to the case of
HIV infection but shared by other infections. In support of this
hypothesis, the HCV core and Staphylococcus aureus protein A,
two proteins that bind to the gC1qR, also increase the enzymatic
activity of PLA2G1B on the CD4 T-cell membrane. Moreover,
we performed in-silico screening for 3S-like motifs in protein
databases to identify additional gC1qR binding proteins that
could also act as PLA2G1B cofactors. We identified 42 candidate
proteins, including several proteins encoded by human
pa thogens . Among them, one was de r i v ed f rom
Porphyromonas gingivalis (P. gingivalis), which is responsible
for periodontal infections and has been shown to be associated
with a higher risk of pancreatic cancer (7–9). Strikingly, the P.
gingivalis 3S-like peptide also increases the enzymatic activity of
PLA2G1B. We thus tested the plasma of patients with pancreatic
ductal adenocarcinoma (PDAC) for the presence of inhibitory
PLA2G1B activity that impairs the CD4 T-cell response to IL-7.
As shown for HIV, PDAC plasma contains an activity that
inhibits pSTAT5-NT in CD4 T cells. PLA2G1B is involved in
inhibitory effect of PDAC plasma, as it was partially blocked by a
specific anti-PLA2G1B mAb.

Finally, our findings identify a mechanism of inhibition of CD4 T-
cell function through the PLA2G1B/cofactor system. PLA2G1B activity
is enhanced by cofactors binding to gC1qR. These cofactors are
proteins with 3S-like motifs and proteins that bind to the innate
sensor gC1qR. This mechanism involved in HIV-1 immunodeficiency
is likely to play a role in several diseases.
MATERIALS AND METHODS

Recombinant Proteins and Peptides
Human PLA2G1B was produced in E. coli (gift of Gerard
Lambeau, purity > 98%) or CHO-S (purity > 98%, Merck or
GTP). Human proPLA2G1B, PLA2GIIA, PLA2GIID, PLA2GX,
and WT and H48Q porcine PLA2G1B were produced in E. coli
(gift of Gerard Lambeau, purity > 98%). Recombinant HIV-1
gp41 MN protein was obtained from Antibodies online (gp41
MN (565-771Delta642-725), containing a deletion to remove the
transmembrane domain of the protein, ABIN2129703, lot 93-
482, purity > 95%) and the 3S peptide NH2-PWNASWSNKSL
DDIW-COOH, 3S-like peptide OmpA Pg NH2-SGEGGWSNG
SLVDIM-COOH, and scrambled 3S NH2-WNWDSKILSD
PAWNS-COOH peptide were ordered from Covalab (purity >
98%). The HCV core protein was obtained from Prospec (HCV-
011, purity > 95%) in PBS buffer with 0.002% SDS and the
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specificity of the effect due to HCV core protein evaluated by
comparison with a similar dilution of PBS-0.002% SDS.
Staphylococcus aureus protein A was obtained from Sigma
(P6031). sPLA2 inhibitors were obtained from several
providers: Pentapeptide (sPLA2-IIA Inhibitor I, 525145,
Calbiochem, ordered from VWR), Varespladib (LY315920,
S1110, Selleck ordered from Euromedex), and sPLA2R1
(murine soluble receptor, 5367-PL-050, R&D Systems).

Study Design And Human
Sample Collection
The group of viremic patients included in the study of T
lymphocytes and plasma consisted of patients with untreated
chronic HIV-infection. These patients had never received
antiretroviral drugs at the time of blood collection, their CD4
counts were > 300/mm3, and their viral loads > 10,000 copies/mL
(ANRS EP 33). All blood samples from VP were drawn at the
Hôpital Bicêtre, Paris. Blood from HD was obtained from
healthy volunteers through the Etablissement Français du Sang
(Centre Necker-Cabanel and St-Louis, Paris). Blood samples
from PDAC patients were drawn at the Hôpital Beaujon
(Clichy) or PDAC plasma samples were acquired from
BIOIVT. These patients had never received treatments at the
time of blood collection.

Study Approval
The study of the effect of VP plasma on the pSTAT5-NT
response of CD4 T cells was supported by the ANRS and
approved by the “Comité Consultatif de Protection des
Personnes dans la Recherche Médicale” under the number 05-
15. All participants were adults and provided written informed
consent prior to inclusion in the study.

All participants who provided PDAC plasma were adults and
provided written informed consent prior to inclusion in the
study. The study was registered under the number DC-2021-
4516 by the Ministère de l’Enseignement Supérieur, de la
Recherche et de l’Innovation.

Purification of Human CD4 T-Lymphocytes
Venous blood was obtained from healthy volunteers through
the EFS (Etablissement Français du Sang, Centre Necker-
Cabanel, Paris). CD4 T-cells were purified from whole blood
using the RosetteSep Human CD4+ T-cell Enrichment Cocktail
(Stem Cell, 15062). This cocktail contains mouse and rat
monoclonal antibodies purified from mouse ascites fluid or
hybridoma culture supernatant, by affinity chromatography
using protein A or Protein G Sepharose. These antibodies are
bound in bispecific tetrameric antibody complexes directed
against cell-surface antigens on human hematopoietic cells
(CD8, CD16, CD19, CD36, CD56, CD66b, TCRg/d) and
glycophorin A on red blood cells. The RosetteSep antibody
cocktail crosslinks unwanted cells in human whole blood to
multiple red blood cells, forming immunorosettes. This
increases the density of unwanted cells, such that they pellet
along with the free red blood cells when centrifuged through a
buoyant density medium such as lymphocyte separation
medium (Eurobio, CMSMSL01-01).
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Whole blood was incubated with RosetteSep Human CD4+
T-cell Enrichment Cocktail at 50 µL/mL for 20 min at room
temperature under gentle shaking (100 rpm), diluted with an
equal volume of PBS + 2% fetal bovine serum (FBS), and mixed
gently. The diluted samples were centrifuged for 20 min at
1,200 X g through lymphocytes separation medium. The
enriched cells were then collected from the density medium
at the plasma interface and washed twice with PBS + 2% FBS.
Cells were subsequently resuspended in RPMI 1640 medium
(Lonza) supplemented with 5% FBS, 50 mM HEPES pH 7.4,
glutamine, penicillin, streptomycin and fungizone (complete
medium), and counted using a Moxi Z mini automated cell
counter (ORFLO, MXZ000). The cell suspension was adjusted
to 7 x 106 cells/mL and equilibrated for at least 2 h at 37°C in a
5% CO2 humidified atmosphere.

The enriched CD4-T cell population was analyzed by flow
cytometry on a Cytoflex instrument (Beckman coulter). The
quiescence of recovered CD4 T cells was verified by the low level
of IL-2Ra (CD25). CD4 T cells were labeled with anti-Human
CD3 eFluor780 (eBioscience, clone UCHT1, 47-0038-42), anti-
Human CD25-PE (Biolegend, clone BC96, 302605), and anti-
human CD4-PerCP (BD, clone SK3, 345770). The enriched CD4
T-cell population contains > 95% CD3+CD4+ and < 8% of
CD25+.

Phosphorylation and Nuclear
Translocation of STAT5 (pSTAT5-NT)
STAT5 phosphorylation and nuclear translocation in HD CD4 T
cells were analyzed by microscopy after IL-7 stimulation (2 nM),
or in HD CD4 T cells incubated with plasma samples from HD
(not shown here), HIV VP or PDAC patients (30 min), human
PLA2G1B recombinant proteins, with or without a pretreatment
(25 min at room temperature and 5 min at 37°C) with anti-
PLA2G1B (14G9, previously described (1)) neutralizing mAb or
control isotype (Mouse IgG1, 16-4714-85, Thermofisher) or
sPLA2 inhibitors (pentapeptide, varespladib, sPLA2R1) before
a 15 min of stimulation with 2 nM IL-7 (recombinant
glycosylated human IL-7, Accrobio System). All cell treatments
were performed at 37°C. Cell supernatants were removed and
stimulation was stopped by the addition of 500 µl of a 4%
paraformaldehyde solution in PBS (Fisher, PFA 32% Electron
Microscopy Science, 15714) and incubation for 15 min at 37°C.
Cells were then permeabilized overnight at -20°C in 500 µL of an
ice-cold 90% methanol/water solution.

CD4 T cells were stained using anti-human CD4 (mouse anti-
CD4 clone RPA-T4, 555344, BD Biosciences; or goat anti-CD4,
AF-379-NA, R&D/Novus), followed by donkey anti-mouse-
AlexaFluor488 (A21202, Thermofisher). Phosphorylation of
STAT5 in response to IL-7 stimulation was then revealed by
staining with rabbit anti-pSTAT5 (9359, Cell Signaling
Technology) followed by goat anti-rabbit-Atto 647N (15068;
Active Motif) or donkey anti-rabbit AlexaFluor555 (A31572,
Life Technologies). Briefly, slides were washed twice after
methanol treatment in PBS and cells were rehydrated for 15
min in PBS supplemented with 5% FBS at room temperature.
Slides were labeled with primary antibodies (1/120) in 60 µl of
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PBS-5% FBS for 1 h, washed in PBS buffer 15 times, and washed
in PBS/FBS buffer five times. Slides were then stained with
secondary antibodies (1/300) for 1 h, washed five times in
PBS-5% FBS buffer, rinsed 15 times in PBS, and then mounted
in fresh Prolong Gold Antifade (ThermoFisher Scientific,
P36930) mounting medium for confocal microscopy.

Images were acquired above the diffraction limit using an
inverted laser scanning confocal microscope (LSM700, Zeiss) as
previously described (1). The appearance of pSTAT5 was
measured using ImageJ software. The number of cells positive
for nuclear pSTAT5 among > 200 in response to cytokines was
analyzed by confocal microscopy.

PLA2G1B Enzymatic Assay on [3H]
Arachidonic Acid-Labeled CD4 T Cells
Purified CD4 T-cells were incubated for 16 h at 2 x 106 cells/mL
with 1 µCi/mL of arachidonic acid [5,6,8,9,11,14,15-3H(N)]
(Perkin Elmer, NET298Z250UC) in RPMI 1640 medium
(Lonza) supplemented with 10% FBS, 50 mM HEPES pH 7.4,
glutamine, penicillin, streptomycin and fungizone at 2 mL/well
in six-well plates at 37°C in a humidified 5% CO2 atmosphere.
Cells were washed twice with RPMI containing 10% FBS by
centrifugation at 580 x g for 10 min at room temperature and
then frozen in 90% FBS 10% DMSO at 107 cells/mL/vial at -80°C.
The percentage of [3H] arachidonic acid in CD4 T cells (1 minus
the ratio of [3H] arachidonic acid in the CD4 T-cell supernatant
(cpm/mL) relative to the total [3H] arachidonic acid in the
supernatant and cells (cpm/mL)) was measured to control the
cell preparation.

To test PLA2G1B activity on [3H] arachidonic acid ([3H]-
AA)-labeled CD4 T lymphocytes, cells were first thawed in 10%
FBS RPMI preheated to 37°C, centrifuged at 580 x g for 10 min at
room temperature, washed twice in 2.5% FBS RPMI, and
equilibrated in 2.5% FBS RPMI at 2 x 105 CD4 T cells/400µL/
well in 24-well polystyrene plates for 90 min at 37°C in a
humidified 5% CO2 atmosphere.

To test the effect of H48Q and sPLA2 inhibitors on PLA2G1B
activity on [3H]-AA-labeled CD4 T lymphocytes, 100 µL of
recombinant WT human (hPLA2G1B) and WT and the
catalytic-site mutant H48Q porcine PLA2G1B (pPLA2G1B), or
medium or hPLA2G1B pretreated (25 min at room temperature
and 5 min at 37°C) with sPLA2 inhibitors (pentapeptide,
varespladib) or vehicle, in 2.5% FBS RPMI was added to each
well and the plates incubated for 2 h.

To test the effect of viral or bacterial protein cofactors on
PLA2G1B activity on [3H]-AA-labeled CD4 T lymphocytes, 100
µL of recombinant protein (gp41 MN (565-771Delta642-725),
HCV core protein, Staphylococcus aureus protein A), or diluted
vehicle, with or without PLA2G1B, in 2.5% FBS RPMI was added
to each well and the plates incubated for 2 h. Cells and
supernatants were collected in Eppendorf tubes and
centrifuged at 580 x g for 10 min at room temperature.

To study PLA2G1B activity on [3H]-AA-labeled CD4 T
lymphocytes relative to that of human proPLA2G1B, cells were
prepared as above but equilibrated in 2.5% FBS RPMI at 106 CD4
T cells/400 µL/well in 24-well polystyrene plates for 90 min at 37°
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C in a humidified 5% CO2 atmosphere. Then, 100 µL medium or
recombinant sPLA2 proteins in 2.5% FBS RPMI was added to
each well and the plates incubated for 2 h.

The [3H]-AA released into the cell supernatant was
quantified in 300 µL using 16 mL of Ultima gold (Perkin
Elmer, 6013329) in low diffusion vials (Perkin Elmer, 6000477)
on a scintillation counter (tri-Carb 2800 TR liquid scintillation
analyzer, Perkin Elmer).

To evaluate the effect of the H48Q mutation, the results are
expressed as PLA2G1B activity (release of [3H]-AA into the
supernatant of cells treated with WT or H48Q PLA2G1B minus
the spontaneous release of [3H]-AA by cells treated without
PLA2G1B, in cpm/mL).

To evaluate the effect of the sPLA2 inhibitors, the results are
expressed as the percentage of inhibition of PLA2G1B activity on
cells treated with PLA2G1B and several doses of the inhibitors.

To evaluate the relative effect of PLA2G1B versus that of
proPLA2G1B, the results are shown as the percentage of activity
with proPLA2G1B relative to that of PLA2G1B activity.

To test the effect of viral or bacterial protein cofactors, the
results are expressed as PLA2G1B activity (release of [3H]
arachidonic acid into the supernatant of cells treated with
recombinant proteins (gp41, HCV core or SA protein A) or
buffer together with PLA2G1B minus the spontaneous release of
[3H] arachidonic acid by cells treated with recombinant proteins
alone or buffer only, without PLA2G1B, in cpm/mL).

PLA2G1B Enzymatic Assay
on [3H] Arachidonic Acid-Labeled
Jurkat E6.1 T Cells
Jurkat E6.1 T cells (ECACC 88042803) or gC1qR KO Jurkat E6.1 T
cells were incubated for 17 h at 5 x 105 cells/mL with 1 µCi/mL
arachidonic acid [5,6,8,9,11,14,15-3H(N)] (Perkin Elmer,
NET298Z250UC) in RPMI 1640 medium (Lonza) supplemented
with 10% FBS, 50 mM HEPES pH 7.4, glutamine, penicillin,
streptomycin, and fungizone at 2 mL/well in 6-well plates at 37°C in
a humidified 5%CO2 atmosphere. Cells werewashed twice with RPMI
with 10% FBS by centrifugation at 300 x g for 10 min at room
temperature and then frozen in 90% FBS 10% DMSO at 107 cells/mL/
vial at -80°C. The percentage of [3H] arachidonic acid in Jurkat T cells
(1minus ratio of [3H] arachidonic acid in the Jurkat T-cell supernatant
(cpm/mL) relative to the total [3H] arachidonic acid in the supernatant
and cells (cpm/mL)) was measured to control the cell preparation.

To test PLA2G1B activity on [3H]-AA-labeled Jurkat E6.1 T
lymphocytes, cells were thawed in 10% FBS RPMI preheated to
37°C, centrifuged at 300 x g for 10 min at room temperature,
washed twice in 2.5% FBS RPMI, and equilibrated in 2.5% FBS
RPMI at 5 x 104 Jurkat E6.1 T cells/400µL/well in 24-well
polystyrene plates for 90 min at 37°C in a humidified 5% CO2
atmosphere. Cells were pretreated with 50 µL of the peptides per
well at 110 mM in 2.5% FBS RPMI for 2, 4, or 21 h, as indicated in
the figures. Then, 50 µL of 2 µM PLA2G1B in 2.5% FBS RPMI or
medium alone were added per well and the plates incubated for 2
h. Cells and supernatants were collected in Eppendorf tubes and
centrifuged at 580 x g for 10 min at room temperature. The [3H]
arachidonic acid released into the cell supernatant was quantified
Frontiers in Immunology | www.frontiersin.org 521
in 300 µL using 16 mL Ultima gold (Perkin Elmer, 6013329) in
low diffusion vials (Perkin Elmer, 6000477) on a scintillation
counter (tri-Carb 2800 TR liquid scintillation analyzer,
Perkin Elmer).

Results are expressed as DPLA2G1B activity with the peptides
minus PLA2G1B activity with the Scrambled 3S (the release of
[3H] arachidonic acid into the supernatant of cells treated with
PLA2G1B and peptide minus the release of [3H] arachidonic
acid by cells treated with PLA2G1B and Scrambled 3S peptide, in
cpm/mL).

ELISA Study of PLA2G1B and
gp41 Interaction
Study of gp41 binding to coated PLA2G1B in ELISA. Microplates
were coated with 100 µL of PLA2G1B recombinant proteins at 10
µg/mL in protein-free blocking buffer (37572, Pierce). Then, the
binding of serial dilutions (0-1 µg/well) of strep-tagged gp41
(D117 strain in A and MN strain in B) or unrelated proteins
(CTL1: EFF-1 or CTL2: IF38 in A and CTL1: EFF1 in B) to
PLA2G1B was revealed by the sequential addition of mouse anti-
strep-tag mAb (MA5-17283, Invitrogen) and goat anti-mouse
HRP-conjugated Ab (31430, Pierce), followed by the HRP
reaction with TMB. All dilutions were tested in triplicate.

Study of PLA2G1B binding to coated gp41 in ELISA.
Microplates were coated with 100 µL of gp41 (D117III strain
in C and MN strain in D) recombinant proteins at 10 µg/mL in
protein-free blocking buffer (37572, Pierce). Then, the binding of
serial dilutions (0-1 µg/well) of PLA2G1B, to gp41 was revealed
by the sequential addition of anti-PLA2G1B mAb (1C11,
produced at BIOTEM, described in (1) and HRP-anti-mouse
Ab, followed by the HRP reaction with TMB. All dilutions were
tested in triplicate.

Pull-Down Assay of PLA2G1B With gp41
Recombinant PLA2G1B (50 µg/mL) in PBS was incubated, or not,
with recombinant gp41 (D117 III strains) with a strep-tag at 10 µg/
mL in 1.5-mL Eppendorf tubes overnight (Test tube-rotor, 34528,
Snijders, Netherlands) at 4°C. Then, gp41 was pulled-down by
adding 50 µL of prewashed Strep-Tactin XT-beads (Mag strep
“type 3” XT beads, IBA, 2-4090-002) per tube, followed by
incubation for 30 min on ice with vortexing from time to time
(4X). Beads were washed three times in washing buffer and the
pulled-down protein complex was eluted in 50 µL 1X BTX buffer
(IBA, 2-1042-025). Then, the proteins in 5 µL offlow through and
30 µL of the eluted sample were separated through 4%–20% Tris-
Bis SDS-PAGE (BIO-RAD) gels under reducing conditions.
Antigens were transferred to PVDF membranes (BIO-RAD)
using a Trans-Blot Turbo (BIO-RAD). After blocking
nonspecific binding sites with 5% milk/0.05% tween 20 in PBS,
PLA2G1B was revealed using 10 µg/mL 1C11 mouse anti-
PLA2G1B mAb and gp41 using 5 µg/mL polyclonal anti-gp41
(PA1-7219, Thermofisher). Goat anti-mouse (31430, Pierce) and
donkey anti-goat (705-035-003, Jackson Immunoresearch) HRP-
conjugated antibodies were used at a 1:10,000 dilution. Detection
occurred directly on the membrane using SuperSignal West Pico
Plus Substrate (34580, Thermofisher Scientific).
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Generation of gC1qR KO Jurkat
E6.1 T Cells
The global strategy for the development of Jurkat cells deprived
of C1QBP (the gene for gC1qR) was based on the design of a
targeting vector permitting bi-allelic inactivation of the C1QBP
gene via homologous recombination using CRISPR/Cas9
method as previously described in (10). Homologous human
C1QBP regions isogenic with the Jurkat E6.1 T cell line (ECACC
88042803) were used. The targeting vector was synthesized by
Genewiz and cloned into the pUC57-Amp vector. The third exon
of the human C1QBP gene was targeted by introducing a
neomycin resistance gene (NeoR) selection cassette, resulting
in the interruption of the open reading frame of C1QBP. The
NeoR cassette was cloned using BamHI/NotI restriction sites.
The targeting vector was verified by DNA restriction digestion
cut with selected restriction enzymes (APaL1, Drd1, Pvu1, Pvu2,
BamH1/NotI, Not1/NcoI, NEB) and target region sequencing.
The DNA primers corresponding to C1QBP sgRNA (1828-
Crispr_1A: CACC-GAAGTGACCGTGATTCTAAAA and
1828-Crispr_1B: AAAC-TTTTAGAATCACGGTCACTTC)
were hybridized and cloned (Quick Ligase - New England
Biolabs, NEB) into the pX330 plasmid (Addgene, 42230; Feng
Zhang, MIT) using the BbsI restriction site (NEB).

The Jurkat cells (5 x 106) were resuspended in 100 mL of Opti-
MEM and 7 mg of CRISPR/Cas9 plasmid and 2.5 mg of targeting
vector were added. The cells were electroporated using a Nepa21
electroporator. After cell selection in G418 selective medium, the
Jurkat cell clones were prescreened by PCR genotyping.
Independent cell clones knocked-out for the C1QBP gene were
amplified and verified by PCR genotyping and target region
sequencing. Our validation pipeline for the independent Jurkat
cell clones deficient for the C1QBP gene consisted of PCR
genotyping. The genomic DNA of gene edited Jurkat cells was
isolated by proteinase K treatment and phenol purification. Each
cell clone with bi-allelic inactivation of the C1QBP gene was
confirmed by PCR genotyping and by target region sequencing.
PCR amplification was performed with Platinum HiFi Taq (Life
technologies) for 2 min at 50°C with primers 1828_RH5_F:
TACTACAGCCCTTGTTCTT and 1828_RH3_R: AGCACTTCC
TGAAATGTT. The primers were designed to be in the C1QBP
human locus and not in the homologous arms. The wild type (WT)
and mutant alleles were distinguished in the same PCR reaction.
The WT and mutant alleles resulted in 1,146-bp and 2,362-bp
amplification products, respectively. This PCR genotyping protocol
allowed the identification of the homozygous Jurkat cell clones
knocked-out for both alleles of the C1QBP gene.

Immunoblot Detection of gC1qR in Jurkat
E6.1 T Cells
Western-blot analysis of gC1qR protein expression in WT and
gC1qR KO Jurkat E6.1 T cell lysates was performed as follows.
Cells were lysed in mammalian protein extraction reagent (M-
PER, 11884111, Thermo Scientific) buffer and the amount of
protein quantified using the BCA Protein assay kit on cleared
supernatants (23227, Pierce, Thermo Scientific). An equal
amount of total protein was loaded for WT and gC1qR KO Jurkat
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E6.1 T cells (40 µg) and fractionated by SDS-PAGE on 8-16% Mini-
PROTEAN TGX Stain Free Gels (4568104, BIORAD), electro-
transferred, and probed by immunoblotting using a specific
antibody against gC1qR (60.11 Santa Cruz at 1:50, 74.5.2 Abcam at
1:1,000) or ß-actin (AC-74, Sigma at 1:2,000) in PBS-0.05% Tween-
5% BSA at room temperature for 2 h and goat anti-mouse-IgG-HRP
(1:20,000, 31430, Invitrogen) in PBS-0.05% Tween-5% BSA for 1 h.
Bound antibodies were detected using the ECL immunoblotting
detection system (NEL103001EA, PerkinElmer).

Statistics
Statistical parameters, including the exact value of n, precise
measures (mean ± SD in all Figures, with the exception of the
mean ± SEM in Figure 4), statistical significance, and tests used
for each analysis are reported in the figures and figure legends.
Analyses were performed using GraphPad Prism (GraphPad
Software Inc.).

For the pSTAT5-NT experiments, one donor represents one
experiment. For the [3H]AA assays, the number of experiments
is indicated and certain experiments were repeated on cells from
the same donor. The number of donors is indicated in certain
figure legends.

Correlations between two variables were evaluated by
Pearson’s correlation and linear regression.

Data were analyzed using the two-tailed unpaired t-test for
two groups or ANOVA with Tukey’s correction for multiple
comparisons for data with a Gaussian distribution according to
the D’Agostino & Pearson omnibus test. For data that were not
Gaussian, the Mann-Whitney non-parametric test was used to
compare two groups and the Kruskal-Wallis test when more than
two groups were compared. If the Kruskal-Wallis test was
significant, two-by-two comparisons were conducted to identify
groups that differed, but applying a Bonferroni correction. The level
of significance is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001
in all figures.
RESULTS

The Enzymatic Activity of
PLA2G1B on CD4 T-Cell
Membranes Is Increased by gp41
To formally demonstrate that the effect of HIV VP plasma on
CD4 T cells is due to the enzymatic activity of PLA2G1B we
performed additional experiments to complete our previous
article (1). We first determined the IC50 of three different
PLA2 inhibitors, varespladib, pentapeptide, and soluble mouse
PLA2R1 receptor (sPLA2R1), on PLA2G1B protein in our
standard IL-7-induced pSTAT5-NT inhibition assay
(Supplementary Figure 1A). Based on the determined IC50s,
we treated VP plasma with the inhibitors. All three almost
completely blocked the effect of VP plasma on CD4 T cells
(Figure 1A). We obtained similar results when VP plasma was
treated with the anti-PLA2G1B mAb 14G9, selected to inhibit
the enzymatic activity of PLA2G1B (Figure 1B). These results
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confirm that the inhibitory activity of VP on the CD4 T-cell
response is dependent on the enzymatic activity of PLA2G1B.

We previously showed that gp41 is involved in the inhibitory
activity of PLA2G1B in VP plasma and that it can increase such
activity on the pSTAT5-NT response in CD4 T cells (1). This
effect is likely due to an increased enzymatic activity of PLA2G1B
on the CD4 T-cell membrane. Thus, we developed an assay to
directly study the effect of gp41 on the enzymatic activity of
PLA2G1B on the cell surface membranes of CD4 T cells. PLA2
family proteins are known to release fatty acids by digesting lipid
membranes. One of the hallmarks of PLA2G1B activity on cell
membranes is the release of arachidonic acid (AA). Thus, we
labeled primary CD4 T cells purified from HD with tritiated
arachidonic acid [3H]AA. The IC50 of the inhibitory activity of
PLA2G1B on the pSTAT5-NT response in CD4 T cells (IC50 =
77 nM, Figure 1C) was very similar to the EC50 of PLA2G1B
activity measured by monitoring the release of [3H]AA in cell
supernatants (EC50 = 78 nM, Figure 1D), with a release of AA
proportional to the PLA2G1B concentration. More remarkably,
there was a positive correlation between the release of AA and
the inhibition of pSTAT5-NT (Figure 1E). To demonstrate that
the [3H]AA release upon PLA2G1B treatment of CD4 T cells is
an appropriate assay to study the enzymatic activity of
PLA2G1B, we studied the effect of the catalytic-site mutant
H48Q (Figure 1F) and that of several PLA2 enzymatic
inhibitors (Figure 1G and Supplementary Figure 1B) in this
assay. H48Q was previously shown to inhibit the PLA2G1B-
dependent induction of aMMDs, inhibition of pSTAT5-NT and
digestion of phosphatidylserine on the membrane of primary
human CD4 T cells (1). As expected, the catalytic-site mutant
H48Q showed no activity in this assay (Figure 1F) and all PLA2
enzymatic inhibitors, varespladib, pentapeptide (Figure 1G),
sPLA2R1, and the anti-PLA2G1B mAb 14G9 (Supplementary
Figure 1B), inhibited the [3H]AA release in a dose-dependent
manner. Furthermore, inactive proPLA2G1B, in which the
propeptide blocks the active catalytic site and enzymatic
activity, did not induce [3H]AA release (Figure 1H). In
further support of the correlation between pSTAT5-NT
inhibition and PLA2G1B enzymatic activity (Figure 1E), the
IC50s of varespladib, pentapeptide and sPLA2R1 in the [3H]AA
release assay (Figure 1G and Supplementary Figure 1B) were
similar to those in the pSTAT5-NT assay (Supplementary
Figure 1A). In addition, the enzymatic activity showed
complete specificity relative to PLA2GIIA and PLA2GIID but
PLA2GX was more active than PLA2G1B (Supplementary
Figure 1C). Notably, the inhibitory effect in HIV VP plasma
was blocked by anti-PLA2G1B but not anti-PLA2GX Abs (1) and
PLA2GX protein was not detected in HIV plasma. Overall, these
results suggest that the enzymatic activity of PLA2G1B in HIV
VP plasma on CD4 T-cell membranes controls intracellular
events, such as pSTAT5-NT.

We observed that recombinant gp41 protein increases
PLA2G1B enzymatic activity on the membrane of CD4 T cells
in a gp41 dose-dependent manner using the [3H]AA release
assay (Figure 1I), with a significant increase from 34 to 340 nM
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of gp41 (Figure 1J, p < 0.01). The observation that the activity of
PLA2G1B was significantly higher with 136 nM than 34 nM of
gp41 for each PLA2G1B concentration tested (middle panel,
Figure 1J, p < 0.01) confirms that PLA2G1B activity is regulated
by gp41 in a dose-dependent manner. PLA2G1B activity was
more than 20-fold higher with 340 nM of gp41 than with
PLA2G1B alone (63 nM, p < 0.0022). Overall, these results
confirmed our previous observations using the pSTAT5-NT
assay. Gp41 can increase the effect of PLA2G1B on CD4 T
cells and showed that gp41 directly increases the enzymatic
activity of PLA2G1B on the membranes of CD4 T cells.

PLA2G1B Directly Interacts With
gp41 Protein
Gp41 has been shown to bind to CD4 T-cell membranes (4). It led
us to postulate that gp41 increases the enzymatic activity of
PLA2G1B on CD4 T cells by interacting with CD4 T-cell
membranes and PLA2G1B, which would increase the PLA2G1B
concentration at the cell membrane and, thus, its enzymatic
activity. We first tested the interaction of gp41 and PLA2G1B by
solid-phase microplate binding assays. Gp41 from two different
HIV strains, D117III and MN, bound to PLA2G1B when it was
used to coat microwells, whereas other control proteins with the
same tag, to reveal protein binding, did not (CTL1: EFF1 (11),
CTL2: IF38 (12), Figures 2A, B). The reverse experiments with
coated gp41, from the same two HIV strains (Figures 2C, D)
confirmed the interaction between PLA2G1B and gp41. We then
tested the interaction of recombinant gp41 and PLA2G1B in
solution in vitro by pull-down assays of gp41. When gp41 was
pulled-down (Figure 2E) we observed that PLA2G1B was present
in the pulled-down proteins (Figure 2E), whereas no PLA2G1B
was observed upon pull-down with beads in the absence of gp41
(Figure 2E). This experiment was repeated five times with gp41
D117III and three times with gp41 MN (Supplementary
Figure 2). Therefore, these results indicate that PLA2G1B can
directly bind to gp41. It suggests that this interaction could
increase PLA2G1B activity on CD4 T-cell membranes after the
binding of gp41 to the membrane.

Several gC1qR-binding Proteins
Encoded by Human Pathogens
can Increase PLA2G1B Activity on
CD4 T-Cell Membranes
Gp41 and its conserved sequence 3S are known to bind to the
gC1qR (4, 5). We previously showed that inhibition of the CD4
T-cell response due to PLA2G1B activity in VP plasma is 3S-
dependent and that the 3S peptide alone can increase the
inhibitory activity of PLA2G1B on CD4 T cells (1). Thus, we
postulated that gp41 may bind to the gC1qR to increase
PLA2G1B activity on CD4 T-cell membranes. The gC1qR is an
innate sensor known to bind to several proteins of microbial
origins (6). One possibility is that the gC1qR-dependent
regulation of PLA2G1B activity may be a common mechanism
used by pathogens to inhibit CD4 T-cell responses and impair
the immune response.
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FIGURE 1 | HIV gp41 protein increases PLA2G1B enzymatic activity on CD4 T-cell membranes. (A, B) The sPLA2 inhibitors varespladib, pentapeptide, and
sPLA2R1 and the anti-PLA2G1B mAb 14G9 strongly inhibit PLA2G1B activity in HIV viremic plasma. Purified HD CD4 T cells from two donors (A) and three donors
(B) were treated with 3% of VP plasma from five viremic HIV patients together with varespladib (50 µM), pentapeptide (15 µM), sPLA2R1 (160 nM), or not (A) or
control isotype (ctrl iso) or 14G9 mAb (667 nM, B) and the pSTAT5-NT cell response to IL-7 was analyzed by confocal microscopy. (C) PLA2G1B inhibits the
pSTAT5-NT cell response to IL-7 in a dose-response manner. HD CD4 T cells were purified from four donors. The IC50 value is indicated. Results are shown as the
mean ± SD of the percentage of pSTAT5-NT cell inhibition for A-C. (D) PLA2G1B activity can be followed in a dose-response manner on human CD4 T cells labeled
with tritiated arachidonic acid. CD4 T cells purified from four donors were incubated with several concentrations of PLA2G1B (0.1 nM-5 µM) for 2 h. Then, the
release of [3H]-AA in the cell supernatant due to PLA2G1B activity was quantified with a radioactivity counter (tri-Carb 2800 TR liquid scintillation analyzer, Perkin
Elmer). Results are shown as the mean ± SD of PLA2G1B activity in cpm/mL from a pool of seven experiments. The EC50 value is indicated. (E) pSTAT5-NT cell
inhibition positively correlates with PLA2G1B enzymatic activity on [3H]-AA-labeled CD4 T cells. Potential correlations were analyzed using the Pearson r test and a
linear regression is presented. (F) [3H]-AA release is dependent on PLA2G1B enzymatic activity. [3H]-AA-labeled CD4 T cells were treated with several
concentrations (10, 63, 200 nM) of WT human (hPLA2G1B) or WT or the catalytic-site mutant H48Q porcine PLA2G1B (pPLA2G1B). Results are shown as the
mean of PLA2G1B activity ± SD of one experiment with the treatment in triplicate. (G) Varespladib, and pentapeptide strongly inhibit PLA2G1B enzymatic activity on
[3H]-AA-labeled CD4 T cells. Results are shown as the percentage of inhibition of PLA2G1B activity on cells treated with PLA2G1B (65 nM) and several doses of
inhibitors. IC50 values are presented. (H) ProPLA2G1B is inactive in the [3H]-AA release assay on CD4 T-cell membranes. [3H]-AA-labeled CD4 T cells were treated
in triplicate with PLA2G1B or proPLA2G1B at 200 nM. Results are shown as the percentage of activity with proPLA2G1B relative to that of PLA2G1B. (I, J) HIV
gp41 increases PLA2G1B activity in a dose-dependent manner on human CD4 T cells. [3H]-AA-labeled CD4 T cells were incubated alone or with PLA2G1B (63 nM
or 200 nM) in the presence or not of several concentrations of recombinant gp41 protein (0.68 nM-340 nM). Results are shown as the mean ± SD from a pool of
four experiments for I and n = 2-3 experiments for (J) **p < 0.01 and ***p < 0.001 by two-way ANOVA with Tukey’s correction for multiple comparisons (A, B, F, H)
and the Kruskal-Wallis test, followed by the Mann-Whitney test with p-values adjusted for multiple comparisons between groups (J). For F, only comparisons
between H48Q and WT hPLA2G1B or pPLA2G1B at each PLA2G1B concentration are shown.
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We thus tested the effect of two representative microbial
proteins known to bind to the gC1qR (6) on the enzymatic
activity of PLA2G1B on CD4 T-cell membranes: the viral HCV
core protein (5, 13) and the bacterial protein A of Staphylococcus
aureus (SA) (14, 15). Both HCV core protein (Figures 3A, B)
and SA protein A (Figure 3C) significantly increased the
enzymatic activity of PLA2G1B on the membranes of CD4 T
cells in a microbial protein dose-dependent manner. HCV core
protein was a very potent inducer of PLA2G1B enzymatic
activity. The effect of HCV core was significant with 238 nM
of HCV core (Figure 3B, p < 0.001). PLA2G1B (at 63 nM)
activity was 26-fold higher in the presence of 595 nM HCV core
than PLA2G1B alone at the same concentration (Figure 3B).
Although SA protein A was also a significant inducer of
PLA2G1B enzymatic activity (Figure 3C, p < 0.001), the effect
was less strong, showing only three-fold more PLA2G1B activity
with 1,190 nM SA protein A and PLA2G1B (at 200 nM) than
with PLA2G1B alone. Because gp41, HCV core, and SA protein
A are all gC1qR-binding proteins, these results support the
hypothesis that several microbial proteins could play the role
of cofactor in the PLA2G1B/cofactor system and increase the
enzymatic activity of PLA2G1B via the binding to the gC1qR.
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gC1qR Plays a Critical Role in the
Regulation of PLA2G1B Enzymatic
Activity by gp41
We sought a CD4 T-cell line that could be labeled with [3H]AA
to directly demonstrate the role of the gC1qR in the regulation of
PLA2G1B activity by microbial proteins. We used the 3S peptide,
as it has been shown to bind to the gC1qR (4, 5). We found that
gC1qR is expressed by Jurkat T cells and that the gp41-derived 3S
peptide (Figures 4A, B) can increase the enzymatic activity of
PLA2G1B on the membranes of Jurkat T cells. The effect of the
3S peptide required pretreatment of the Jurkat T cells for 4 or 21
h before the addition of PLA2G1B to significantly increase its
enzymatic activity relative to scrambled 3S peptide-treated cells,
with a major effect occurring after 21 h of pretreatment
(Figure 4A, p < 0.0001). We confirmed this last experimental
condition to be the best for studying the effect of 3S on the
enzymatic activity of PLA2G1B in several experiments
(Figure 4B, p < 0.0001).

We then generated clones of Jurkat T cells deprived of gC1qR
(gC1qR KO) using the CRISPR-Cas9 method. We confirmed the
loss of the gC1qR protein in gC1qR KO cells relative to WT
Jurkat CD4 T cells by immunoblotting using two anti-gC1qR
A B E

C D

FIGURE 2 | PLA2G1B directly binds to gp41. (A, B) gp41 binds to coated PLA2G1B by ELISA. Binding to coated PLA2G1B of serial dilutions (0-1 µg/well) of gp41
(D117III strain on A and MN strain on B), or unrelated proteins (CTL1: EFF-1 on A and B or CTL2: IF38 on A). (C, D) PLA2G1B binds to coated gp41 by ELISA.
Binding of serial dilutions (0-1 µg/well) of PLA2G1B to coated gp41 (D117III on C, or MN on D) was tested in triplicate by ELISA. Results are shown as the mean ±
SD of the OD value of one representative experiment among two (A), five (B), one (C) and five (D). (E) gp41 binds to PLA2G1B in pull-down assays. Recombinant
PLA2G1B protein was incubated with strep-tagged-gp41 (D117III strain, gp41+PLA2G1B) or not (PLA2G1B only). PLA2G1B-gp41 complexes were pulled-down
with strep-tactin XT-beads that pull-down gp41. Pulled-down products and unbound proteins were revealed by immunoblotting with goat polyclonal anti-gp41 Ab or
mouse anti-PLA2G1B mAb. One representative experiment of five experiments with similar results with D117III gp41 is presented. Similar results were obtained in
three experiments with MN gp41 (Supplementary Figure 2).
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mAbs that bind to different epitopes of the gC1qR protein
(Figure 4C). Notably, 3S peptide significantly increased the
enzymatic activity of PLA2G1B on WT cells relative to
scrambled 3S peptide (p < 0.01), whereas there was no
significant difference in PLA2G1B activity between 3S and
scrambled 3S peptide-treated cells deficient for the gC1qR
(Figure 4D). Overall, these results show that gp41 can increase
PLA2G1B activity through its conserved 3S region in a gC1qR-
dependent manner.

3S-Like Motifs Are Present in Proteins
Encoded by Several Human Pathogens
We next screened protein sequence databases for similarity to
identify other microbial proteins that could regulate the
enzymatic activity of PLA2G1B on CD4 T cells and inhibit the
immune response using Blastp with an expect threshold of 100
and a 3S amino-acid substitution matrix (AASM) based on the
3S sequence of the peptide with cofactor activity (Figure 4 and
reference (1) and major amino-acid substitutions found in
natural HIV-1 sequence variants (Supplementary Figure 3).
We identified 42 peptides with 3S-like motifs (Supplementary
Figure 3). Eleven selected peptides encoded by human pathogens
are presented in Supplementary Table 1. They are derived from
eight bacterial species (Porphyromonas gingivalis (7, 8, 16, 17),
Proteus mirabilis (18), Leptospira weilii (19), Terrisporobacter
glycolicus (20), Bacteroides fragilis (21, 22), Aggregatibacter
actinomycetemcomitans (23, 24), Porphyromonas somerae (25),
Aggregatibacter aphrophilus (23, 26) and one fungus (Candida
glabrata (27, 28) that are involved in several human infections or
have been shown to be associated with autoimmune diseases or
with an increased risk of developing cancer (more detailed
references on these pathogens are provided in Supplementary
Table 1 and in the supplementary Material File). These results
show that 3S-like motifs are not restricted to HIV or viruses but
are also present in several pathogens, such as bacteria and fungi.
Frontiers in Immunology | www.frontiersin.org 1026
PLA2G1B Plays a Role in the Inhibitory
Activity of Pancreatic Ductal
Adenocarcinoma Plasma on the
pSTAT5-NT Response in CD4 T Cells
Among pathogens encoding proteins with 3S-like motifs, bacterial
infection with P. gingivalis has been shown to be associated with
an increased risk of gastrointestinal cancer, including pancreatic
cancer (7–9). This pathogen encodes seven peptides with 3S-like
motifs (Supplementary Figure 3). Based on previous publications,
amino acids W6, S7, N8, and S10 of the 3S HIV peptide
PWNASWSNKSLDDIW (Supplementary Table 1) are the
most critical for induction of the NKp44L by the 3S peptide
(29). This effect is due to the binding of 3S to the gC1qR (4), as for
the increased of PLA2G1B activity described here. We thus
focused on the OmpA pg peptide of P. gingivalis, which is the
only one from this pathogen that contains W6, S7, N8, and S10
(Supplementary Table 1 and Supplementary Figure 3). We
postulated that the OmpA Pg peptide may regulate PLA2G1B
activity. If this is true, it is possible that PDAC plasma may contain
PLA2G1B activity that inhibits the CD4 T-cell response, based on
our previous findings with HIV VP plasma. Thus, 3S-like peptides
derived from P. gingivalis could play the role of cofactor in
increasing PLA2G1B activity.

We first tested the effect of the OmpA Pg peptide on the
enzymatic activity of PLA2G1B in parallel with the 3S peptide,
used as a positive control (Figure 5A). As for 3S from gp41,
OmpA Pg increased PLA2G1B activity over that of cells treated
with scrambled 3S. We also found there to be no difference
between the active PLA2G1B and proPLA2G1B concentrations
in PDAC and HD plasma (Figure 5B), similar to our
observations for HIV VP and HD plasma (1).

Treatment of CD4 T cells with 3% PDAC plasma (PDACp)
impaired the pSTAT5-NT response to IL-7 (38% inhibition) to a
similar level as recombinant PLA2G1B protein (38% of
inhibition, Figure 5C). Furthermore, this effect was partially
A B C

FIGURE 3 | PLA2G1B activity on CD4 T cells is increased by several gC1qR-binding microbial proteins. (A, B) HCV core increases PLA2G1B activity on human
CD4 T cells in a dose-dependent manner. [3H]-AA-labeled CD4 T cells were incubated alone or with PLA2G1B (63 nM or 200 nM) in the presence or not of several
concentrations of recombinant HCV Core protein (11.9 nM-1190 nM) or equivalent concentrations of buffer alone (Buffer for A or 0 nM for B). (C) Staphylococcus
aureus (SA) protein A increases PLA2G1B activity on human CD4 T cells in a dose-dependent manner. [3H]-AA-labeled CD4 T cells were incubated alone or with
PLA2G1B (63 nM or 200 nM) in presence or not of several concentrations of SA protein A (23.8 nM-1190 nM). Results are shown as the mean ± SD from a pool of
five experiments for A, and three experiments for B and C. **p < 0.01 and ***p < 0.001 by the Kruskal-Wallis test followed by the Mann-Whitney test, with p-values
adjusted for multiple comparisons between groups.
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dependent on PLA2G1B activity, as anti-PLA2G1B mAb
significantly inhibited the activity of PDACp relative to cells
treated with plasma alone or plasma treated with a control
isotype antibody (p < 0.01, Figure 5C). Anti-PLA2G1B mAb
(14G9) significantly inhibited PDACp activity relative to a
control isotype (p < 0.01, Figure 5D). PLA2G1B appeared to
be involved in the plasma of only certain PDAC patients, with 25
to 45% inhibition of PDAC plasma activity by anti-PLA2G1B
mAb for 66% (4/6) of the plasma samples tested (Figure 5D).
Overall, these data suggest that plasma from patients with PDAC
can inhibit the CD4 T-cell response to IL-7 by a mechanism
likely similar to that we describe for HIV plasma involving the
PLA2G1B/cofactor system. It is possible that the PLA2G1B
activity in PDAC plasma may be increased by a cofactor
derived from P. gingivalis, as it encodes a protein containing a
Frontiers in Immunology | www.frontiersin.org 1127
3S-like motif that increases PLA2G1B enzymatic activity at the
cell surface membrane.
DISCUSSION

In a recent study, we demonstrated that the PLA2G1B/cofactor
system is an inhibitor of CD4 T cells that is involved in the
induction of anergy and lymphopenia of CD4 T cells in HIV-
infected patients (1). PLA2G1B induces aMMDs on CD4 T cells
that trap and inactivate cytokine receptors. PLA2G1B inhibitory
activity in HIV VP plasma is dependent on the HIV-1
gp41 envelope protein. We showed that gp41, through a
conserved 3S motif, drives PLA2G1B activity on CD4 T cells.
A B
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FIGURE 4 | The 3S/gp41 peptide regulates PLA2G1B activity in a gC1qR-dependent manner. (A, B) The HIV 3S peptide increases PLA2G1B activity on human
Jurkat T cells. [3H]AA-labeled Jurkat T cells were pretreated with 3S gp41 (3S) or scrambled 3S (Scr 3S) peptides (11 µM) for various times (2, 4, or 21 h for A) or
21 h (for B) and incubated alone or with PLA2G1B (200 nM). (C) The gC1qR protein is detected in WT but not in gC1qR-deficient (gC1qR KO) Jurkat T cells by
immunoblot. Two different anti-gC1qR mAbs were used (60.11 and 74.5.2), as well as anti-ß-actin mAb as an endogenous control of protein load. (D) The 3S
peptide increases PLA2G1B activity on WT but not on gC1qR KO cells. WT and gC1qR KO [3H]-AA-labeled Jurkat T cells were pretreated with 3S or Scr 3S
peptides at 11 mM for 21 h. Then, peptide-pretreated cells were incubated with PLA2G1B (200 nM) for 2 h. Results are expressed as the mean ± SEM of a pool of
three (A, D) and seven (B) experiments performed in triplicate and as DPLA2G1B activity (activity with the 3S peptide minus that with the Scr 3S peptide). The level
of [3H]AA released in the cell supernatant was quantified in cpm/mL. *p < 0.05, **p < 0.01 and ***p < 0.001 by two-way ANOVA with Tukey’s correction for multiple
comparisons (A, D) or an unpaired t-test (B).
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However, the mode of action of gp41 to increase PLA2G1B
activity on CD4 T cells was yet to be elucidated.

We investigated this mechanism by developing a radioactive
assay based on the measurement of [3H]AA release upon
treatment of [3H]AA-labeled CD4 T cells with PLA2G1B. We
demonstrated that this assay measures the enzymatic activity of
PLA2G1B, as the H48Q catalytic site mutant was inactive
(Figure 1F) and all PLA2G1B enzymatic inhibitors studied
(varespladib, pentapeptide, soluble mouse PLA2R1 receptor), a
neutralizing anti-PLA2G1B mAb, and the propeptide inhibited
the release of [3H]AA by PLA2G1B (Figures 1G, H and
Supplementary Figure 1B). Moreover, PLA2G1B enzymatic
activity measured by this assay (Figure 1D) is strongly and
Frontiers in Immunology | www.frontiersin.org 1228
positively correlated with PLA2G1B inhibitory activity on CD4 T
cells as measured by the inhibition of IL-7-induced pSTAT5-NT
(Figures 1C, E). More importantly, we showed that gp41
increases the enzymatic activity of PLA2G1B on the
membranes of CD4 T cells (Figures 1I, J), explaining the
gp41-driven increase of the inhibitory activity of PLA2G1B on
CD4 T-cell response to IL-7 that we previously observed with the
plasma of HIV-infected viremic patients. We also further defined
the various steps of the mechanism involved.

In vitro, high amounts of PLA2G1B (from 10 nM to 200 nM)
directly acted on CD4 T-cell membranes (Figure 1D). This
indicates that its substrates (phospholipids) are spontaneously
expressed at the surface of CD4 T cells. However, the
A B
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FIGURE 5 | PLA2G1B is involved in PDAC plasma inhibition of the CD4 T-cell pSTAT5-NT response. (A) A 3S-like peptide from P. gingivalis (OmpA Pg) increases
PLA2G1B enzymatic activity. [3H]-AA-labeled Jurkat T cells were pretreated with 3S, OmpA Pg or scrambled 3S (Scr 3S) peptides (11µM) for 21 h and incubated
alone or with PLA2G1B (200 nM). Results are shown as the mean ± SD of PLA2G1B activity with the 3S or OmpA Pg minus PLA2G1B activity with Scr 3S from one
representative experiment of two with similar results. (B) ELISA quantification of active PLA2G1B and proPLA2G1B in plasma from HD and PDAC donors (the
median is shown). (C) Anti-PLA2G1B mAb inhibits PLA2G1B activity in PDAC plasma. HD CD4 T cells from three donors were treated with PLA2G1B (75 nM), 3%
of PDAC plasma (PDACp) alone (w/o Ab, n = 9 plasma samples), with control isotype (ctrl iso, 667 nM, n = 6 plasma samples) or anti-PLA2G1B mAb (14G9, 667
nM, n = 8 plasma samples) and the pSTAT5-NT cell response to IL-7 was analyzed by confocal microscopy. Results are shown as the mean ± SD of percentage of
pSTAT5-NT cells inhibition. (D) Heterogeneity of anti-PLA2G1B mAb 14G9 inhibition of PLA2G1B activity in PDAC plasma. Results are shown as the mean ± SD of
the percentage of inhibition of PDACp activity from six patients on pSTAT5-NT by 14G9 relative to that of control isotype-treated plasma. *p < 0.05, and **p < 0.01,
by two-way ANOVA with Tukey’s correction for multiple comparisons for A, by the Mann-Whitney test for B and D, and by the Kruskal-Wallis test followed by the
Mann-Whitney test, with p-values adjusted for multiple comparisons between groups, for C. ns, non significant.
March 2022 | Volume 13 | Article 824746

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Pothlichet et al. CD4 Inhibition by PLA2G1B/Cofactor
concentration of PLA2G1B in the plasma of VP is very low
(0.025 nM) and thus it cannot act alone. Therefore, cofactor(s)
act at the surface of CD4 T cells by either increasing the presence
of PLA2G1B or by modifying the quality or quantity of substrate
accessible to PLA2G1B. Two types of mechanism are possible.

Here, we showed that gp41 directly interacts with PLA2G1B
by solid-phase microplate binding and pull-down assays
(Figure 2). Gp41 was shown to bind via its conserved 3S
domain to the gC1qR on CD4 T-cell membranes (4). In
addition, the 3S peptide increased PLA2G1B enzymatic activity
on WT but not on gC1qR KO Jurkat cells (Figure 4). Overall,
these results suggest that a gp41-PLA2G1B complex may bind to
the gC1qR, resulting in an increase in the PLA2G1B
concentration at the CD4 T-cell membrane followed by an
increased enzymatic activity on the membrane and the
inhibition of CD4 T-cell function.

Alternatively, another mechanism concerning the mode of
action of the PLA2G1B/gp41 pair is possible. Based on the
pluripotent role of the gC1qR (6), gp41 could also act by
changing the membrane composition of CD4 T cells by a gC1qR-
dependent mechanism that would increase the concentration of the
phospholipid substrates of PLA2G1B, thus increasing its activity.
Consistent with this hypothesis, it was shown that 3S binding to
gC1qR can induce the fusion of exocytotic vesicles with CD4 T-cell
membranes (4). The fusion of exocytotic vesicles with the plasma
membrane changes its lipid composition, which could also increase
PLA2G1B activity. Both mechanisms, together or independently,
could increase the fluidity of the membrane and the formation of
aMMDs, which induces anergy of the CD4 T cells by blocking the
function of physiological receptors.

The gC1qR is an innate sensor that binds to several pathogens
(6). Our discovery of a gC1qR-dependent activation of PLA2G1B
by gp41 led us to hypothesize that other gC1qR-binding microbial
proteins could also increase PLA2G1B activity. We demonstrate
that two other microbial proteins that bind to gC1qR, HCV core
and Staphylococcus aureus protein A, also increase the enzymatic
activity of PLA2G1B on CD4 T cells (Figure 3). These
observations suggest that PLA2G1B may also be involved in
hepatitis C virus infection or several diseases due to
Staphylococcus aureus infection. HCV core has been shown to
bind to the gC1qR and to inhibit T-cell responsiveness and has
been suggested to play a role in the persistence of HCV (13). Thus,
PLA2G1B activity could also be increased by HCV core binding to
the gC1qR in HCV-infected patients and contribute to the
inhibition of T-cell responses and HCV persistence.
Staphylococcus aureus infections, such as superficial skin
infections (30), infective endocarditis (31) and sepsis (32) could
also be affected by the PLA2G1B/SA protein A cofactor pair.

Importantly, we found that 3S-like motifs are present in several
human infectious pathogens (Supplementary Table 1 and
Supplementary Figure 3) and that the one we tested increases
the enzymatic activity of PLA2G1B (Figure 5A). This peptide is
encoded by P. gingivalis, a Gram-negative anaerobic bacteria
involved in periodontitis infection that is also associated with an
increased risk of gastrointestinal cancer, including PDAC (90% of
the pancreatic cancers) (7–9, 16). Among oral cancers, P. gingivalis
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has been found in oral squamous cell carcinoma (OSCC) and its
role in carcinogenesis has been directly established (33).
Numerous studies have shown that P. gingivalis may have
systemic effects through its LPS (34). Very recently, P. gingivalis
was directly identified inside pancreatic tumors (7). PDAC has
also been shown to be associated with immune dysfunctions
involving a paucity of dendritic cells (35) and the upregulation
of PD-L1 (36). T-cell dysfunction, as well as decreased CD4 and
CD8 counts, have also been described in PDAC (37), as in the
terminal stages of HIV-infected patients.

The results reported here may partially explain such
immunological defects. Plasma from PDAC patients diminished
IL-7-induced pSTAT5-NT of HD CD4 T cells (Figure 5C). This
inhibitory activity was partially due to PLA2G1B, as anti-
PLA2G1B mAb, but not a control isotype, partially blocked the
effect (Figure 5C). A detailed analysis of the effect of an anti-
PLA2G1BmAb relative to that of a control isotype antibody on six
plasma samples showed heterogeneous involvement of PLA2G1B.
Only 25 to 45% specific inhibition of PDAC plasma activity with
anti-PLA2G1B mAb was found in the plasma of 4/6 patients
(Figure 5D). Heterogeneity of this response may reflect the stage
of the disease, as well as the intensity of the degradation of the
immune system. Further studies should be performed to clarify
this point. One of the hallmarks of PLA2G1B/cofactor activity on
CD4 T cells is the release of arachidonic acid. Notably, high levels
of arachidonic acid in plasma, which could be due to higher
PLA2G1B/cofactor system activity, have been positively associated
with the risk of pancreatic cancer (38).

At both the cellular and molecular level, our data support the
hypothesis that the PLA2G1B/cofactor system may be involved at
least in certain patients. The hypothesis that P. gingivalis may be a
cofactor merits further investigation. The 3S-like motif is exposed at
the surface of the bacteria, as it is part of an outer membrane protein
called OmpA family protein (WP_097552551.1 in the NCBI protein
database, Supplementary Figure 3 and Supplementary Table 1).
In addition, it may act directly on CD4 T cells (39) and on their
membranes, as OmpA Pg peptide increases PLA2G1B enzymatic
activity (Figure 5A). The role of the PLA2G1B/cofactor system in
PDAC plasma needs to be further investigated. Such studies would
help our understanding of the immune disorders found in
PDAC patients.

The origin of the two components of the PLA2G1B/cofactor
system need to be clarified. We previously found that the major
source of PLA2G1B is the pancreas, followed by the duodenum,
jejunum, and ileum [see Supplemental Data in (1)]. We also
observed that pla2g1b transcripts are primarily expressed in the
pancreas, followed by the duodenum, whereas they were found
in low amounts in lymphoid cells, including CD4 T cells, and
they were almost undetectable in myeloid cells (see
Supplemental Data in [1)]. According to these results, active
PLA2G1B is mainly produced in the pancreas and intestinal tract
from an inactive precursor (proPLA2G1B) that is activated by
trypsin digestion and then participates in the digestion of
phospholipids. The leaking of PLA2G1B may explain the
presence of proPLA2G1B and active PLA2G1B in the blood.
The origin of the cofactor appears to be specific for each disease.
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Taking the examples studied here, it may be a component of an
external protein of the microorganism (HIV, P. gingivalis and
Staphylococcus aureus) or an internal protein recovered in the
plasma after degradation of the microorganism. These cofactors
are proteins with 3S-like motifs and proteins that bind to gC1qR
and drive PLA2G1B activity via the gC1qR. As PLA2G1B is the
active component of the PLA2G1B/cofactor system, the
therapeutic potential of anti-PLA2G1B mAbs should also be
tested in certain pathologies that involve the PLA2G1B/cofactor
system to determine whether it will be a useful candidate to block
PLA2G1B activity and restore CD4 T cells to improve immune
responses and patient outcomes.

In conclusion, we provide lines of evidence of a PLA2G1B/
cofactor system that inhibits CD4 T-cell function. It helps
understanding of the physiopathology of various infections,
including some infections involved in oncogenesis. This study
further demonstrates the capacity of microbes to disable the
immune system by hijacking the activity of a natural endogenous
enzyme and making it harmful. Our results establish this study as
a pivotal element in the understanding of impaired CD4 T-cell
immune response upon infection.
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Early Post-Vaccination Gene
Signatures Correlate With
the Magnitude and Function
of Vaccine-Induced
HIV Envelope-Specific
Plasma Antibodies in
Infant Rhesus Macaques
K. K. Vidya Vijayan1, Kaitlyn A. Cross2, Alan D. Curtis II1, Koen K. A. Van Rompay3,
Justin Pollara4,5,6, Christopher B. Fox7, Mark Tomai8, Tomáš Hanke9,10,
Genevieve Fouda4, Michael G. Hudgens2, Sallie R. Permar11 and Kristina De Paris1*

1 Department of Microbiology and Immunology, Center for AIDS Research, and Children’s Research Institute, School of
Medicine, University of North Carolina at Chapel Hill, Chapel Hill, NC, United States, 2 Department of Biostatistics, Gillings
School of Public Health, University of North Carolina at Chapel Hill, Chapel Hill, NC, United States, 3 California National
Primate Research Center, University of California, Davis, Davis, CA, United States, 4 Duke Human Vaccine Institute, Duke
University Medical Center, Durham, NC, United States, 5 Departent of Surgery, Duke University School of Medicine, Durham,
NC, United States, 6 Department of Molecular Genetics and Microbiology, Duke University Medical Center, Durham,
NC, United States, 7 Infectious Disease Research Institute, Seattle, WA, United States, 8 3M Corporate Research
Materials Laboratory, Saint Paul, MN, United States, 9 The Jenner Institute, University of Oxford, Oxford, United Kingdom,
10 Joint Research Center for Human Retrovirus Infection, Kumamoto University, Kumamoto, Japan, 11 Department of
Pediatrics, Weill Cornell Medical College, New York, NY, United States

A better understanding of the impact of early innate immune responses after vaccine
priming on vaccine-elicited adaptive immune responses could inform rational design for
effective HIV vaccines. The current study compared the whole blood molecular immune
signatures of a 3M-052-SE adjuvanted HIV Env protein vaccine to a regimen combining
the adjuvanted Env protein with simultaneous administration of a modified Vaccinia
Ankara vector expressing HIV Env in infant rhesus macaques at days 0, 1, and 3 post
vaccine prime. Both vaccines induced a rapid innate response, evident by elevated
inflammatory plasma cytokines and altered gene expression. We identified 25
differentially-expressed genes (DEG) on day 1 compared to day 0 in the HIV protein
vaccine group. In contrast, in the group that received both the Env protein and the MVA-
Env vaccine only two DEG were identified, implying that the MVA-Env modified the innate
response to the adjuvanted protein vaccine. By day 3, only three DEG maintained altered
expression, indicative of the transient nature of the innate response. The DEG represented
immune pathways associated with complement activation, type I interferon and interleukin
signaling, pathogen sensing, and induction of adaptive immunity. DEG expression on day
1 was correlated to Env-specific antibody responses, in particular antibody-dependent
org April 2022 | Volume 13 | Article 840976133
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cytotoxicity responses at week 34, and Env-specific follicular T helper cells. Results from
network analysis supported the interaction of DEG and their proteins in B cell activation.
These results emphasize that vaccine-induced HIV-specific antibody responses can be
optimized through the modulation of the innate response to the vaccine prime.
Keywords: systems biology, innate gene signatures, vaccine-induced antibody response, early life HIV vaccine,
rhesus macaque model
INTRODUCTION

Novel antiretroviral treatment (ART) options and improved
prevention services have resulted in a major decline of new HIV
infections in the last decade. Yet, the 90-90-90 goals have not been
reached, with 10 million people living with HIV (>25%) still not
receiving ART (1). The number of new HIV infections, 1.5 million
globally, was three times as high as prioritized in the United Nations
Sustainable Development Goals for 2020. In Eastern Europe and
central Asia, newHIV infections have increased by >70% since 2010
(1). In sub-Saharan Africa, young women aged 15-24 years
accounted for 25% of new HIV infections in 2020 although they
only represent 10% of the population (1). Two fifths of all HIV-
infected children (0-14 years) remain undiagnosed and only 40% of
children with known HIV status and receiving ART are fully
suppressed (1). These numbers emphasize the continuous and
pressing need for an effective HIV vaccine to curb the pandemic,
especially among young people. Our group is pursuing the idea that
an HIV vaccine regimen started in early life - with booster
immunizations in childhood - would provide the necessary time
to mature vaccine-induced HIV-specific antibody responses that
could protect against HIV acquisition in the high-risk group of
adolescents prior to sexual debut.

Challenges in HIV vaccine development include the immense
diversity of the virus, the difficulty in designing Env immunogens
that can capture this diversity and present epitopes of
vulnerability to the immune system, and the possible need for
strategies that can target the various arms of the immune system
to induce protective immunity. Systems vaccinology approaches,
including transcriptomics, plasma proteomics, structure-based
immunogens and rational adjuvant design, have emerged as
important tools to inform vaccine design and to predict
vaccine immunogenicity and efficacy (2–14). Notably,
retrospective analyses of vaccine trials have demonstrated that
innate immune responses induced by the vaccine prime impact
the subsequent vaccine-induced adaptive immunity (6, 8–14). As
the infant immune system is highly dynamic in the first few
months of life, it is important to determine if early immune
signatures induced by the vaccine prime can also predict
immunogenicity and/or efficacy in pediatric vaccines. The goal
of our current study was to determine whether early innate
immune responses after the vaccine prime were associated with
functional antibody responses in the memory phase after
immunization of infant rhesus macaques with two different
HIV envelope (Env) vaccine regimens.

Our group has previously demonstrated that infant rhesus
macaques can mount potent and persistent HIV Env-specific
org 234
antibody responses to an HIV Env protein vaccine mixed with
the TLR7/8-based 3M-052 adjuvant in stable emulsion (SE) and
to a vaccine regimen consisting of both the adjuvanted Env
protein and a modified Vaccinia Ankara vector expressing HIV
Env (MVA-Env) (15, 16). In the current study, we determined
plasma cytokine levels and the whole blood transcriptome at
days 1 and 3 after the vaccine prime in comparison to day 0 and
tested for correlations between early innate immune responses
and later adaptive vaccine-induced cellular and humoral
responses during the memory phase and in response to a late
boost. Our results demonstrate a rapid, systemic innate response
to the vaccine prime at day 1. The response was more
pronounced in animals receiving the 3M-052-SE adjuvanted
Env protein vaccine compared to the animals immunized
simultaneously with the adjuvanted protein plus the MVA-Env
vaccine. Several of the differentially expressed genes (DEG) on
day 1 were positively correlated with Env-specific plasma IgG
responses at week 14, and with Env-specific antibody-mediated
cellular cytotoxicity (ADCC) and Env-specific follicular T helper
cells (TFH) at week 34. In contrast, early molecular signatures
were negatively correlated with HIV Env-specific CD8+ T cell
responses. These findings imply that vaccine-induced HIV-
specific immune responses could be optimized through
targeted modulation of innate responses to the vaccine prime.
METHODS

Study Design
The current study utilized whole blood samples from a
previously reported vaccine study in infant rhesus macaques
(15, 16). Study design, sample collection, and sample processing
have been described in detail previously (15, 16). Briefly, infant
RMs were immunized during the first week of life with (i) 15 mg
1086.c HIV Env protein administered intramuscularly (IM) with
10 mg 3M-052 adjuvant in 2% v/v stable emulsion (Group 1 or
Protein group; n=10), or with (ii) Env Protein in 3M-052-SE and
108 pfu MVA expressing 1086.c Env (Group 2 or MVA/Protein
group; n=10). In addition, both groups received an IM
immunization with the Chimpanzee Adenovirus vector Ox1t
that expresses conserved regions of SIV Gag/Pol to promote SIV-
spec ific T ce l l responses on day zero (D0) (17) .
ChAdOx1.tSIVconsv239 (5x1010 virus particles [vp])
immunizations were divided equally over the left and right
gluteus (15, 16) (Figure 1). Animals in both groups received
booster immunizations at weeks 6 and 12 and a late boost at
week 32 (15, 16). The vaccine boosts were identical to the vaccine
April 2022 | Volume 13 | Article 840976
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prime, except for the use of MVA.tSIVconsv239 (108 pfu) as
boost for the initial ChAdOx1.tSIVconsv239 prime (15, 16)
(Figure 1). As reported previously, animals were euthanized at
week 34 to analyze vaccine-induced immune responses in blood,
lymph nodes, and in intestinal tissues (15, 16).

To summarize, Group 1 and Group 2 animals received the
same vaccine to induce SIV Gag/Pol-specific T cell responses but
differed in the vaccine components aimed at inducing HIV Env-
specific antibody responses (Figure 1).

Whole Blood RNA Isolation and Gene
Expression Analysis With NanoString
nCounter®
For the purpose of the current study, EDTA-anticoagulated
venous blood samples (3 x 200 ml) were collected on day 0 (=
vaccine prime) just prior to immunization and at days 1 (24 hrs)
and 3 (72 hrs) post prime and immediately resuspended in
PAXgene reagent (552 ml). Samples were incubated for 2 hrs at
room temperature and then stored at -800C until analysis.

RNA was extracted using the PAXgene Blood RNA kit
(PreAnalytix GmbH, Hombrechtikon, Switzerland) following the
manufacturer’s protocol, except for incubating the samples for 60
minutes at 550C - instead of the recommended 10 minutes - after
the addition of BR2 and Proteinase K. The extracted RNA was
further purified with the RNA Clean and Concentrator Kit (Zymo
Research Cooperation, Irvine, CA, USA). RNA was quantified
using the Qubit RNA HS assay (ThermoFisher, Waltham, MA,
USA). We obtained sufficient RNA for n=17 day 0, n=17 day 1,
and n=14 day 3 samples to proceed with transcriptome analysis
(Table 1). RNA samples (50 ng) were analyzed with the
Nanostring Non-Human Primate Immunology Panel comprised
of 754 immune-related genes and 16 internal reference genes.
Frontiers in Immunology | www.frontiersin.org 335
Gene expression analysis was conducted according to the
manufacturer’s protocol utilizing the NanoString nCounter®

Prep Station and NanoString nCounter® Digital Analyzer.

Gene Expression Data Analysis
Raw gene expression data across days 0, 1, and 3 were analyzed
using the NanoString® software nSolver v3.0.22 with the
Advanced Analysis Module v2.0. The raw data files underwent
quality evaluation applying nSolver Imaging and Binding
Density Quality Control (QC) metrics, checking for Positive
Control Linearity, and assessing Limit of Detection parameters.
One day 0 (D0) sample (Group 1 RM 8) was flagged for low
binding density and low limit of detection and therefore removed
from further analysis. To delineate false positives, background
correction was performed using a threshold value of 20; samples
with counts <20 being adjusted to the value 20. Genes with
altered expression levels on D1 or D3 compared to D0 were
identified utilizing the Advanced Analysis Module v2.0 in
nSolver™ that uses open-source R programs for QC,
normalization, Differential Expression (DE) analysis, pathway
scoring, and gene-set enrichment analysis. Data normalization
employs the geNorm algorithm (18) through the function
selectHKs in the Bioconductor package NormqPCR. The
overall sample quality was represented by an assigned
normalization factor and mean squared error (MSE). One D0
sample (Group 2 RM 12) and two day 1 (D1) samples (RM2 and
RM7, both Group 1) had high MSE values far distinct from other
samples and were, thus, designated as outliers and excluded from
further analysis. Therefore, we had a total of n=15 D0, n=15 D1,
and n=14 D3 samples for analysis (Table 1).

Genes with altered expression levels on D1 or D3 compared
to D0 were identified employing multivariate linear regression
FIGURE 1 | Vaccine study overview. The timeline of immunization with the specific vaccine regimens and timepoints of immunizations for Group 1 and Group 2 are
illustrated in horizontal bars. Each vaccine is indicated by a distinct symbol; vaccine dose and route of administration are listed in the legend. Blood samples (red
droplets) are the vaccine prime were collected at days 0 (immediately prior to immunization) and at days 1 and 3 post prime. Vaccine-induced adaptive immune
responses were measured at weeks 14, 20, 32 and 34, with results having been reported previously (15, 16).
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models; raw p values were adjusted by Benjamini-Yekutieli
method to minimize the false discovery rate. DEG were
defined as having a log2 fold-change ≥1.32 (or 2.5-fold linear
change) in expression and an adjusted p-value ≤0.1. ClustVis
(http://biit.cs.ut.ee/clustvis/) was used for principal component
analysis (PCA) using log2 transcript count values. In addition, we
utilized nSolver™ to generate pathway scores to define potential
immune pathways altered by the innate response to the vaccine
prime. Pathway scores are based on the first principal
component of the normalized relative gene expression of genes
belonging to a specific immune pathway. The scores are further
standardized by Z scaling. Therefore, pathway scores can have
positive or negative values.

Gene expression data have been uploaded to Gene Expression
Omnibus (GEO) at NCBI (submission number GSE192584).

Network Analysis
Network analyses for interactions of proteins encoded by
differentially expressed genes on D1 compared to D0 were
performed using the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) database version 11.5
(http://stringdb.org/), which curates both experimental and
predicted protein interactions. Interactions with an interaction
score >0.4 were visualized with Cytoscape v3.8.2 (www.
Cytoscape.org/), with nodes representing significant
genes/proteins and edge width indicating the combined
interaction score. Protein-protein interactions were also
visualized using NetworkAnalyst 3.0 (networkanalyst.ca) (19),
an open source software, that utilizes the Human Interactome of
the STRING v11.5 database (20).

Multiplex Cytokine Analysis
Plasma cytokine concentrations were measured using a custom-
designed NHP Procartaplex Mix and Match 14-plex
Frontiers in Immunology | www.frontiersin.org 436
(ThermoFischer Scientific Inc) consisting of granulocyte-
monocyte-colony stimulating factor (GM-CSF), interferon
alpha (IFN-a), IFN gamma (IFN-g), interleukin 1 beta (IL-1b),
IL-1 receptor antagonist (IL-1RA), IL-6, IL-8 (CXCL8), IL-10,
IL-12p70, IL-18, IL-23, interferon-inducible protein 10 (IP-10 or
CXCL10), monocyte-chemoattractant protein 1 (MCP-1 or
CCL2), and tumor necrosis factor alpha (TNF-a). Data were
acquired on MAGPIX instrument with Luminex xPONENT
software version 4.2. Cytokine concentrations were determined
using ProcartaPlex Analyst software version1.0.

Statistical Analysis
Plasma cytokine concentrations of Group 1 or Group 2 animals on
D1 or D3 were compared to D0 plasma cytokine concentrations by
Mann-Whitney test using GraphPad Prism version 9.0, with p<0.05
being considered significant. Similarly, differences in mRNA
expression or in pathway scores of Groups 1 or Group 2 animals
on D1 compared to D0 were assessed by Mann-Whitney test.

To test for correlations between early gene signatures and/or
plasma cytokines and adaptive immune responses at later
timepoints, we combined data from Group 1 and Group 2
animals for D1 and D3. This sample size provides 80% power to
detect a Spearman correlation of 0.7, and 66% power to detect a
Spearman correlation of 0.5 at the a = 0.05 level. To adjust for
multiple comparisons, the Benjamini–Hochberg (BH) procedure
was used to control the false discovery rate (FDR). Adjustments to
control the FDR at a = 0.05 were performed separately for humoral
and cellular immune responses. Humoral responses included Env-
specific plasma IgG responses (weeks 14, 20, 32 and 34), ADCC
responses (weeks 14, 20, 32, and 34), and neutralizing antibody
titers (weeks 14, 32, and 34) for a total of 661 correlation tests.
Cellular responses included total peripheral blood and lymph node
memory B cells and lymph node germinal center B cells (week 34),
Env-specific follicular T helper cell (TFH) responses (week 34), and
TABLE 1 | List of animals and samples for transcriptome analysis.

Group Animal No. Sample Availability

Day 0 Day 1 Day 2

1 RM1 x x x
RM2 x
RM3 x x x
RM4 x x x
RM5 x x
RM6 x x x
RM7 x
RM8 x x
RM9 x x
Total: n=7 n=7 n=6

2 RM10 x x x
RM11 x x x
RM12 x x
RM13 x x x
RM14 x x
RM15 x x
RM16 x x x
RM17 x x x
RM18 x x x
Total: n=8 n=8 n=8
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HIV Env and SIV Gag specific CD8+ T cell responses (week 34) for
a total of 366 correlation tests. Spearman rank correlation
coefficients between early mRNA expression and/or plasma
cytokines and vaccine-elicited adaptive immune parameters were
calculated, tested, and FDR adjustments were performed using SAS
version 9.4 (Cary, NC, USA).
RESULTS

Overview of the Study Design
The current study leveraged samples and vaccine-induced
immune response data from a previously reported pediatric HIV
vaccine study in infant rhesus macaques that was comprised of 2
groups, each with 10 animals (15, 16). On day 0 (D0), animals in
bo th groups r ece i ved an IM immuniza t i on wi th
ChAdOx1.tSIVconsv239 expressing conserved Gag/Pol epitopes
(17) to promote SIV Gag/Pol-specific T cell responses (Figure 1).
Both vaccine groups received booster immunizations with
MVA.tSIVconsv239 (108 pfu) at weeks 6 and 12, and a late
boost at week 32 (15, 16) (Figure 1). The two vaccine groups
differed in the component designed to induce HIV envelope-
specific antibody responses. Animals in Group 1 were vaccinated
with 1086.c Env protein administered IM with 3M-052 adjuvant
in stable emulsion and Group 2 was immunized with the same
adjuvanted HIV Env protein vaccine and with modified Vaccinia
Ankara expressing 1086.c Env (MVA-Env) (15, 16). HIV Env
protein was given IM into the left and right quadriceps and MVA-
Env was administered IM into the left and right biceps (Figure 1).
Blood was collected just prior to immunization (D0 or baseline),
and on days 1 (D1) and 3 (D3) after the initial immunization
(vaccine prime) (Figure 1). Animals in both vaccine groups
received booster immunizations identical to the vaccine prime at
weeks 6 and 12, and a late boost at week 32 (15, 16) (Figure 1).

Changes in soluble immune mediators in plasma in response
to the vaccine prime were measured by multiparameter bead
arrays and changes in gene expression were determined using the
Nanostring® NHP Immunology Panel. Innate immune
responses were correlated to previously reported vaccine-
induced HIV 1086.c Env-specific IgG responses at the peak of
the antibody responses after the initial 3 immunizations (week
14), during the memory phase of vaccine-induced antibody
responses at weeks 20 and 32, and two weeks after the late
boost (week 34) (15, 16). We also tested for correlations between
innate responses induced by the vaccine prime and cellular
immune responses at week 34, including total memory B cells,
germinal center (GC) B cells in lymph nodes, Env-specific
follicular T helper cells (TFH), and HIV Env- or SIV Gag-
specific CD8+ T cell responses (Figure 1; see Supplemental
Figures S1-3 for flow cytometry gating strategies).

Impact of Vaccination on Soluble Immune
Mediators in Plasma
To assess the systemic effect of the vaccine prime, we measured
14 immune mediators on days 0, 1, and 3 in plasma. On D1, the
proinflammatory cytokines IFN-a, IL-6, IL-18, IFN-g, MCP-1
(aka CCL2) and the anti-inflammatory cytokine IL-1RA were
Frontiers in Immunology | www.frontiersin.org 537
increased in both groups and at a similar magnitude (Figure 2).
By D3, all 6 cytokines had returned to baseline levels in Group 1,
whereas in Group 2 IFN-a and IFN-g remained slightly elevated
compared to D0 (Figure 2). These results implied that both
vaccine regimens induced a transient inflammatory response.

To further interrogate this point, we determined whether the
mRNA levels of the corresponding genes of the elevated plasma
cytokines were also increased on D1 compared to D0. The
mRNA levels of IL1RN, the gene encoding IL-1RA, were
increased on D1 in both groups (Figure 3). In Group 1, IL6
mRNA levels were also increased on D1 and there was a trend
towards higher median mRNA levels of IFNA2, IL18, andMCP1,
but these did not reach statistical significance (Figure 3). On D3,
consistent with a transient inflammatory response, mRNA levels
of all six cytokines were indistinguishable from D0 mRNA levels
in animals of both groups (Figure 3).

Differential Gene Expression in Response
to the Vaccine Prime
We performed whole blood transcriptomics analysis to define
the genes and immune pathways associated with immune
activation by the two vaccine regimens. We first compared D0
mRNA expression levels of animals in Group 1 and Group 2 to
confirm that baseline parameters did not differ between the two
groups. Applying principal component analysis (PCA), our
results demonstrated that the D0 transcript profile of the
FIGURE 2 | Changes in plasma cytokine concentrations post vaccination.
Plasma cytokine concentrations for IFN-a, IL-6, IL-18, IFN-g, MCP-1, and IL-
1RA on day 0 (vaccine prime; grey circles) and on days 1 (filled circles) and
day 3 (open circles) post vaccination for Group 1 (orange circles) and Group
2 (blue circles) animals. Note that D0 includes animals from both Group 1 and
Group 2. Horizontal lines represent median values. Data between two time
points were compared by Mann-Whitney test with *, **, ***, **** indicating
p<0.05, p<0.01, p<0.001, or p<0.0001 respectively.
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animals from Group 1 (n=8) was indeed similar to the transcript
profile of Group 2 animals (n=7) (Supplemental Figure S4).
Therefore, we combined the D0 mRNA expression data from
Group 1 and Group 2 (n=15) in subsequent analyses to assess
changes in gene expressions on D1 and D3 in response to the
vaccine prime on D0, and to determine whether the early post-
prime innate gene signatures of Groups 1 and 2 differed
dependent on the vaccine regimen.

In Group 1, more than twice as many genes were upregulated
(n=375) than downregulated (n=164) on D1 compared to D0
(Figure 4A); the change in mRNA levels of several of these genes
(n>20) reached an adjusted p value of p<0.05 (Figure 4A). By
D3, an opposite trend was noted, with most genes (n=318) being
downregulated in Group 1. In Group 2, about an equal number
of genes were up- or down-regulated on D1 and D3 compared to
D0 (Figure 4B). In contrast to Group 1, no genes were induced
with adjusted p<0.05 on D1 or D3 in Group 2. This result
implied that the MVA-Env vaccine in Group 2 may have altered
the innate response induced by the 3M-052-SE adjuvanted Env
Protein vaccine that was administered to both groups.
Nonetheless, there was large overlap between Group 1 and
Group 2 in the number of genes that were up- or down-
regulated on D1 and D3 (Figures 4C, D).

To identify the genes that had undergone the greatest increase
or decrease in mRNA expression in response to the vaccine
prime, we applied the combined criteria of a ≥1.32 log2 (or 2.5-
fold change) increase or decrease in mRNA levels on D1 or D3
Frontiers in Immunology | www.frontiersin.org 638
compared to D0 and the gene expression change having an
adjusted p ≤ 0.1. On D1, we identified 22 DEG in Group 1 that
were upregulated and 3 genes that were downregulated
(Figure 5). In Group 2, only two genes fulfilled these criteria
on D1, and both of these genes (KIT and IL1RL1) were
downregulated (Figure 5). Increased mRNA expression
appeared to be transient and only two of the DEG with higher
mRNA expression levels on D1 (CLU and GP1BB) still had
increased mRNA levels on D3 in Group 1 (Figure 5). Among the
D1 downregulated DEG, IL1RL1 also had decreased mRNA
levels on D3 (Figure 5). Two additional downregulated genes
in Group 2, IL1R2 and BCL2L1, fulfilled DEG criteria (Figure 5).

Consistent with elevated plasma levels of IFN-a on D1
(Figure 2), interferon-inducible genes (e.g., OAS3, IRF7,
IFITM1, IFI35, SOCS3, TNFIAP3, NFKBIA) represented a large
number of D1 DEG. Furthermore, the DEG IL1RN encodes IL-
1RA, one of the plasma cytokines that were elevated on D1 (see
Figure 2). Other proteins encoded by DEG included complement
activation factors (e.g., C3AR1), proteins associated with
interleukin signaling (e.g., IL1RN, IL1RL1, NFKBIA), genes
encoding inflammatory mediators (e.g., TNFSF10), chemotactic
molecules (e.g., CCR1), and mediators of monocyte and dendritic
cell activation (e.g., CSF3R) (Supplemental Table S1). KIT
encodes a receptor tyrosine kinase III that is expressed on most
hematopoietic cells and has been suggested to interfere with
dendritic cell activation by T helper 1 cytokines (21, 22). Of the
25 D1 DEG, 19 could be integrated into a molecular interaction
network (Supplemental Figure S2). For the remaining 6 genes
(LILAR3, ARG2, CD82, DDIT3, GP1BB, and HLA-DMA) no
direct interactions with the other DEG could be identified. Major
hubs included IL1RN, NFKBIA, and IRF7 with 7 links each,
followed by SOCS3 and TNFAIP3 (both 6 links), and by
TNFSF10 and C3AR1 with 5 links (Supplemental Figure S2).
The low number of DEG on D3 did not allow for the assembly of
a molecular network and further emphasized that, although the
vaccine prime induced an innate response, the response was
transient in nature.

Immune Pathway Analysis
To gain more insights into the biological functions of the DEG, we
performed pathway analysis utilizing nSolver™. Pathway scores
are based on the first principal component of the normalized
relative gene expression and the number of genes belonging to a
specific immune pathway. Therefore, pathway scores can have
positive or negative values. Overall, the Group 1 vaccine regimen
resulted in increased scores for 15 of the 17 pathways included in
the NanoString NHP Immunology Panel on D1 (Figure 6). In
contrast, in Group 2, only the score for the interferon signaling
pathway was increased on D1 and by D3 pathway scores were
indistinguishable from D0 scores (Figure 6). However, pathway
scores for 8 of the signaling pathways were reduced in Group 1 on
D3 compared to D0 (Figure 6).

To further interrogate how the two different vaccine regimens
impacted these immune pathways, we compared the expression
of genes within a specific pathway. Overall, the majority of genes
within each of the pathways was detected in the transcriptome
analysis (Supplemental Table S3). We focused on genes with a
FIGURE 3 | Relative mRNA expression values of genes encoding elevated
plasma cytokines. The graphs show relative log2 mRNA levels of IFNA2, IL6,
MCP1, IL18, IFNG, and IL1RN on day 0 (vaccine prime; grey circles) and on days
1 (filled circles) and day 3 (open circles) post vaccination for Group 1 (orange
circles) and Group 2 (blue circles) animals. Horizontal lines represent median
values. Data between two time points were compared by Mann-Whitney test with
* or ** indicating p < 0.05 or p < 0.01, respectively.
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A B

FIGURE 5 | Differentially expressed genes. (A, B) Heatmap depicting the log2 fold-increase (FI) of differentially expressed genes at D1 compared to D0 (A) or at D3
compared to D0 (B) with an adjusted p≤ 0.1. DEG are ordered from top to bottom according the highest (red) to the lowest (purple) fold-increase (FI) in log2 gene
expression in Group 1 as indicated by the color legend bar. The corresponding Group 2 log2 gene expression values are also shown.
A

B

C

D

FIGURE 4 | Gene expression analysis of Group 1 and Group 2 prior and post vaccination. (A, B) Volcano plots displaying the log2 change in mRNA expression on
D1 (left plots) and D3 (right plots) versus D0 in Group 1 (A) and Group 2 (B). The x-axis lists the log2 fold-change and the y-axis the corresponding -log10 p-value for
each gene (each gene is represented by a circle). Dashed horizontal lines indicate the adjusted p-value thresholds of p < 0.05 and p < 0.1 determined by Benjamini-
Yekutieli procedure. Genes highlighted by red boxes indicate representative examples of the identical gene in Group 1 and Group 2 with the same direction (up- or
down-regulation) in the change of mRNA expression on day1 (left plots) or day 3 (right plots). (C, D) Venn diagrams depicting the number of unique and shared up-
regulated and downregulated genes at D1 (A) and D3 (B) after vaccination in Groups 1 and 2. Unique genes in Group 1 or Group 2 are indicated by orange or blue
numbers respectively, the number of shared genes is listed in black.
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log2 increase or decrease ≥1.32 on D1 vs D0 (Figure 7A) or D3
vs. D0 (Figure 7B) in Group 1 to the mRNA expression of the
same genes in Group 2 without considering whether the raw or
adjusted p value was <0.05 (Supplementary Table S4). We
selected the five pathways with the highest increase or decrease
in pathway score on D1 or D3 compared to D0. Consistent with
the finding that several of the DEG were part of the interferon
Frontiers in Immunology | www.frontiersin.org 840
signaling pathway, the highest D1 pathway score was observed
for the Interferon Signaling Pathway (mean: 4.15). The adaptive
immunity pathway was the next highest ranked pathway in
(mean score: 3.65), followed by the interleukin (mean score:
3.60), Toll-like receptor (TLR) (mean score: 2.94), and the Fc
receptor (FcR) (mean score: 2.25) signaling pathways.
Upregulated genes on D1, with the exception of the TLR3
A

B

FIGURE 7 | Changes in gene expression between Group 1 and Group 2 animals for the top pathways impacted by the vaccine prime. For each of the top 5
pathways, the mean log2 increase in mRNA levels on D1 compared to D0 (A) or D3 compared to D0 (B) is shown for genes within the pathway that had a log2
increase ≥1.3.2 or decrease (dashed lines) in Group 1 (orange bars). The mean change in mRNA levels of the same genes in animals of Group 2 is indicated by blue
bars. Genes for each pathway are listed on the y-axis. Bolded genes indicate genes that are present in more than one pathway. 0.
FIGURE 6 | Immune pathways affected by the vaccine prime. Based on the first principal component of the normalized relative gene expression and the number of

genes belonging to a specific immune pathway, a pathway score standardized by Z scaling was generated by the nSolver™ software. Each pathway is represented by a
specific graph displaying the pathway scores on D0 (grey circles), and on days 1 (filled circles) and day 3 (open circles) post vaccination for Group 1 (orange circles) and
Group 2 (blue circles) animals. Differences in pathway scores were determined by Mann-Whitney test with * and ** representing p < 0.05 or p < 0.01, respectively.
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gene, were expressed at higher levels in Group1 compared to
Group 2. The downregulated genes KIT and IL1RL1 were more
strongly reduced in Group 2 compared to Group 1. Several genes
with log2 ≥1.32 increased or decreased mRNA expression were
represented in multiple pathways, indicative of some redundancy
and crosstalk between the pathways. Some of the shared genes on
D1 were part of the DEG (SOCS3, IFITM1, IRF7, NFKBIA, KIT),
whereas other common genes (IL2RA, FCGRIA, HLA-DRB1,
HLA-DQB1, CSF2RB, DUSP4) were not identified in the DEG
analysis because the adjusted p value for the change in mRNA
expression for D1 versus D0 was greater than 0.1.

An opposite picture emerged on D3 when most genes were
downregulated (Figure 7B). The top 5 pathways with the most
altered gene expression on D3 were the Interferon (mean: -3.81),
Interleukin (mean:-3.33), TLR (mean: -2.93), Adaptive Immunity
(mean: -2.89), and the Metabolism (mean: -1.88) pathways.
However, most of the genes in the interferon pathway that were
downregulated log2 ≥1.32 in Group 1 still had increased mRNA
levels in Group 2 (Figure 7B). As was observed on D1, the
downregulation of IL1RL1 was more pronounced in Group 2 and
this was also true for the related gene IL1R2 (Figure 7B). Few
genes (e.g., HLA-C, FCGRIA) were shared between pathways on
D3 and those did not represent DEG.

Association of Early Innate Responses
With Vaccine-Induced Antibody
Responses
To address the question whether innate gene expression
signatures on D1 or D3 post vaccine prime could predict the
magnitude and function of vaccine-elicited Env-specific antibody
responses to vaccination, we tested for correlations between D1 or
D3 DEG, additional genes with increased or decreased mRNA
expression that were common to at least two top scoring
pathways (see Figure 7) and elevated plasma cytokines with the
magnitude of vaccine-induced 1086.c Env-specific plasma IgG
responses, neutralizing antibodies, and antibody-dependent
cytotoxicity function (15, 16). Time points were selected to
represent peak vaccine-elicited adaptive immune responses after
the initial three immunizations (week 14 or 2 weeks post the 3rd

immunization), vaccine-induced memory responses (week 20: 8
weeks post 3rd immunization; week 32: 20 weeks post the 3rd

immunization and time of 4th immunization), and week 34, the
peak response to the late boost (2 weeks post the 4th and final
immunization) (15, 16). Although our two vaccine regimens were
primarily designed to enhance Env-specific antibodies with Fc-
mediated effector function (15, 16), we also assessed the impact of
D1 or D3 gene expression and plasma cytokines on vaccine-
induced neutralizing antibodies. As the direction of changes in
mRNA levels and plasma cytokines on D1 was similar in both
groups (Supplemental Table S2 and see Figure 4) and our group
sizes were limited in number, we combined the data of Group 1
and Group 2 to test for biologically meaningful correlation
between innate vaccine prime-induced signatures and vaccine-
induced adaptive immune responses.

The mRNA expression of six DEG on D1 were positively
correlated with plasma Env-specific IgG at week 14 and for four
of these genes (C3AR1, TNFSF10, LILRA3, and IFITM1) a
Frontiers in Immunology | www.frontiersin.org 941
positive correlation was also seen at week 32 (Table 2). In
contrast, higher HLA-DQB1 mRNA levels on D1 were
associated with lower Env-specific plasma IgG concentrations
at week 32. The magnitude of Tier 1 neutralizing antibodies at
week 14, week 32, or week 34 could be associated with one, three,
or four DEG respectively (Table 3). It should be noted that the
mRNA expression levels of the D1 DEG LILRA3, IFITM1, IRF7,
and DDIT3 were positively associated with Env-specific plasma
IgG and neutralizing antibody responses and the shared pathway
gene HLA-DQB1 negatively correlated with both responses
(Tables 2, 3). On D3, the higher mRNA levels of IL1RL1, the
lower were Env-specific IgG and neutralizing antibody responses
(Tables 2, 3). Associations of innate immune parameters unique
to Env-specific plasma IgG were the inverse correlation with IL6
mRNA on D1 and with MCP1 mRNA on D3. The D1 gene
expression of C3AR1, TNFSF10, and CSF3R was positively
associated with both Env-specific IgG and ADCC responses
(Tables 2, 4). Overall, the induction of 9 DEG on D1 was
positively correlated with Env-specific IgG-mediated ADCC
responses at week 34, two weeks after the late boost (Table 4).
Similarly, D1 mRNA expression of the shared pathway genes
IL2RA, CSF2RB, and FCGR1A were correlated with ADCC
responses at week 34 (Table 4). Among the elevated plasma
cytokines at D1, IL-6 was negatively associated plasma IgG at
weeks 32 and 34. Although increased plasma cytokine levels on
D1 did not appear to impact ADCC responses at week 34, IFNG
mRNA levels were inversely correlated with ADCC responses at
week 14 (Table 4), whereas the mRNA expression of CCL2, the
gene encoding MCP-1, were positively correlated with ADCC at
week 34 (Table 4). On D3, few associations between mRNA
expression and antibody responses were noted. Furthermore,
with the exception of BCL2L1, these associations represented
inverse correlations (Tables 2–4). In particular, the lower IL18
mRNA expression was, the lower were Env-specific plasma IgG,
ADCC, and neutralizing antibody responses (Tables 2–4).

Based on these findings, we assessed whether vaccine prime-
induced responses also correlated with B cell populations as
antibody producing cells. The mRNA levels of SOCS3 were
positively and the mRNA levels of HLA-DMA were negatively
correlated with total CD27+ memory B cells in peripheral blood
at week 34, but not with lymph node memory B cells (Table 5).
However, there was a positive correlation of six DEG with lymph
node CXCR5+ germinal center (GC) B cell frequencies at week 34
(Table 5; see Supplemental Figure S1). The latter were also
associated with IL6 mRNA levels, but not with IL-6 plasma
concentrations on D1 (Table 5). There was no overlap between
the genes that correlated with peripheral blood memory B cells or
with lymph node GC B cells. Follicular T helper cells (TFH)
provide critical signals for B cell activation and antibody
maturation in lymph nodes (23–26), and, in turn, the TFH

responses are directly dependent on the priming by antigen
presenting cells and the local immune milieu in lymph nodes
(27–30). Env-specific lymph node TFH frequencies (see
Supplemental Figure S2) were correlated with mRNA levels of
19 of the 25 DEG with increased mRNA on D1, one shared
pathway gene (CSF2RB), and with IL6 and CCL2 (MCP1)
mRNA levels (Table 5). The frequencies of Env-specific lymph
April 2022 | Volume 13 | Article 840976
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TABLE 2 | Correlation of early gene expression with vaccine-induced Env-specific IgG.

Parameter Spearman Correlation

week 14 week 20 week 32 week 34

r p q r p q r p q r p q

D1 DEG
SERPING1 0.3464 0.2061 0.6314 0.0250 0.9336 0.9682 0.4536 0.0915 0.5484 0.3393 0.2161 0.6415
C3AR1 0.5321 0.0438 0.5158 0.3607 0.1870 0.6212 0.5964 0.0213 0.5158 0.3821 0.1607 0.6147
IL1RN 0.4036 0.1370 0.5932 0.1500 0.5934 0.8379 0.4286 0.1127 0.5771 0.3714 0.1735 0.6182
TNFAIP6 0.4679 0.0808 0.5470 0.1893 0.4983 0.7907 0.3607 0.1870 0.6212 0.4643 0.0834 0.5470
PLAUR -0.0750 0.7925 0.9346 -0.1857 0.5067 0.7907 -0.1357 0.6297 0.8695 -0.0107 0.9744 0.9907
FPR2 0.5071 0.0562 0.5158 0.2107 0.4498 0.7820 0.4071 0.1334 0.5900 0.4464 0.0972 0.5625
SOCS3 0.4893 0.0666 0.5318 0.2571 0.3538 0.7378 0.5000 0.0602 0.5158 0.3107 0.2592 0.6848
OAS1 0.3571 0.1917 0.6278 0.0821 0.7728 0.9263 0.3071 0.2649 0.6973 0.3607 0.1870 0.6213
TNFSF10 0.4929 0.0644 0.5207 0.3000 0.2767 0.6999 0.6786 0.0068 0.4927 0.4071 0.1334 0.5900
CCR1 0.4000 0.1408 0.5999 0.0143 0.9642 0.9833 0.2107 0.4498 0.7820 0.4357 0.1063 0.5737
LILRA3 0.6036 0.0195 0.5158 0.3500 0.2012 0.6314 0.5214 0.0488 0.5158 0.5393 0.0406 0.5158
IFITM1 0.5321 0.0438 0.5158 0.2536 0.3607 0.7379 0.6036 0.0195 0.5158 0.4607 0.0861 0.5470
ARG2 0.4821 0.0711 0.5358 0.1821 0.5150 0.7960 0.3929 0.1485 0.6004 0.3964 0.1446 0.6003
CD82 0.4179 0.1227 0.5900 0.2107 0.4498 0.7820 0.3464 0.2061 0.6313 0.2321 0.4039 0.7633
IRF7 0.5607 0.0322 0.5158 0.2500 0.3677 0.7433 0.4429 0.1002 0.5650 0.5107 0.0543 0.5158
IFI35 0.2607 0.3469 0.7378 -0.2250 0.4189 0.7633 0.0357 0.9031 0.9557 0.2964 0.2827 0.6999
NFKBIA 0.4429 0.1002 0.5650 0.1571 0.5756 0.8341 0.3750 0.1692 0.6169 0.3571 0.1917 0.6277
CSF3R 0.5500 0.0362 0.5158 0.2250 0.4189 0.7633 0.4357 0.1063 0.5737 0.5071 0.0562 0.5158
DDIT3 0.5214 0.0488 0.5158 0.2036 0.4657 0.7881 0.3000 0.2767 0.6999 0.5607 0.0322 0.5158
GP1BB 0.2036 0.4657 0.7881 0.1143 0.6858 0.8988 0.1500 0.5934 0.8379 0.2607 0.3469 0.7378
CLU 0.0786 0.7827 0.9263 0.0357 0.9031 0.9557 0.1857 0.5067 0.7907 0.0464 0.8726 0.9547
TNFAIP3 0.5107 0.0543 0.5158 0.2036 0.4657 0.7810 0.3964 0.1446 0.6003 0.4107 0.1297 0.5900
IL1RL1 0.3643 0.1824 0.6212 -0.0750 0.7925 0.9346 0.3107 0.2592 0.6848 0.4786 0.0735 0.5358
HLA-DMA -0.2607 0.3469 0.7378 0.1000 0.7208 0.9098 -0.2214 0.4266 0.7633 -0.2143 0.4407 0.7785
KIT -0.1000 0.7241 0.9098 -0.3214 0.2424 0.6804 -0.1464 0.6024 0.8473 0.1000 0.7241 0.9098
D1 Shared Pathway Genesc

IL2RA 0.3429 0.2111 0.6408 0.1179 0.6763 0.8933 0.2357 0.3966 0.7633 0.2179 0.4342 0.7750
CSF2RB 0.4821 0.0711 0.5358 0.2214 0.4266 0.7633 0.5036 0.0582 0.5158 0.4071 0.1333 0.5900
FCGR1A 0.2071 0.4578 0.7876 0.2821 0.3074 0.7138 0.2893 0.2949 0.7046 0.1857 0.5067 0.7907
DUSP4 -0.0464 0.8764 0.9547 0.1429 0.6115 0.8548 0.1821 0.5151 0.7960 -0.0786 0.7827 0.9262
HLA-DQB1 -0.5714 0.0286 0.5158 -0.3464 0.2061 0.6314 -0.6036 0.0195 0.5158 -0.4107 0.1297 0.5900
HLA-DRB1 0.1000 0.7241 0.9098 0.1071 0.7041 0.9060 0.2393 0.3892 0.7592 0.0393 0.8929 0.9547
D1 Cytokine Genesd

IFNA2 -0.1857 0.5067 0.7906 -0.2714 0.3269 0.7335 -0.2429 0.3820 0.7548 -0.0036 0.9948 0.9999
IL6 -0.0321 0.9132 0.9558 -0.0857 0.7630 0.9220 -0.0250 0.9336 0.9682 0.0321 0.9132 0.9557
IL18 0.1964 0.4819 0.7881 -0.1036 0.7144 0.9098 0.2321 0.4039 0.7633 0.1786 0.5235 0.7960
IFNG -0.3536 0.1964 0.6314 -0.3250 0.2370 0.6739 -0.1857 0.5067 0.7907 -0.2750 0.3203 0.7310
MCP1 0.0786 0.7827 0.9262 -0.0786 0.7827 0.9262 -0.1179 0.6763 0.8933 0.1179 0.6763 0.8933
D1 Cytokine Proteins
IFN-a -0.3750 0.1692 0.6169 -0.1214 0.6669 0.8932 -0.3464 0.2061 0.6314 -0.2571 0.3538 0.7378
IL-6 -0.4540 0.0905 0.5470 -0.3843 0.1573 0.6147 -0.5290 0.0447 0.5158 -0.5827 0.0248 0.5158
IL-18 -0.2643 0.3402 0.7378 -0.2643 0.3402 0.7378 -0.3107 0.2592 0.6848 -0.2393 0.3892 0.7592
IFN-g -0.2073 0.4553 0.7873 -0.2288 0.4090 0.7633 -0.0447 0.8753 0.9547 -0.0840 0.7654 0.9220
MCP-1 -0.2321 0.4039 0.7633 -0.3214 0.2425 0.6804 0.0036 0.9948 0.1000 -0.4786 0.0734 0.5358
IL-1RA 0.1786 0.5235 0.7960 -0.1607 0.5667 0.8284 -0.0429 0.8828 0.9547 0.1214 0.6669 0.8932
D3 DEG
CLU -0.2396 0.4086 0.7633 0.0418 0.8915 0.9547 -0.4198 0.1368 0.5932 -0.2263 0.4356 0.7753
GP1BB -0.2835 0.3253 0.7335 0.1165 0.6930 0.9029 -0.4286 0.1281 0.5900 -0.2440 0.3998 0.7633
BCL2L1 -0.0637 0.8319 0.9451 0.5472 0.0458 0.5158 0.2659 0.3573 0.7378 -0.1472 0.6158 0.8590
IL1RL1 -0.5297 0.0544 0.5158 -0.1956 0.5022 0.7907 -0.1165 0.6930 0.9029 -0.6483 0.0144 0.5158
ILR2 -0.2967 0.3026 0.7047 -0.2483 0.3911 0.7606 -0.0549 0.8557 0.9506 -0.4374 0.1198 0.5900
D3 Shared Pathway Genes
HLA-C -0.1253 0.6706 0.8933 -0.2615 0.3656 0.7433 -0.2747 0.3411 0.7378 0.2396 0.4086 0.7633
FCGR1A -0.2527 0.3825 0.7548 -0.0637 0.8319 0.9451 0.1033 0.7270 0.9101 -0.2703 0.3492 0.7378
D3 Cytokine Genes
IFNA2 -0.4330 0.1239 0.5900 -0.4154 0.1412 0.5999 0.0242 0.9396 0.9729 -0.3670 0.1973 0.6314
IL6 -0.2044 0.4827 0.7881 -0.0769 0.7965 0.9360 0.0593 0.8438 0.9484 -0.2044 0.4827 0.7881
IL18 -0.7231 0.0047 0.4927 -0.4725 0.0905 0.5470 -0.2703 0.3492 0.7378 -0.6879 0.0082 0.4927
IFNG -0.3978 0.1602 0.6147 -0.1516 0.6051 0.8494 -0.0461 0.8795 0.9547 -0.4725 0.0905 0.5470
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node TFH were only weakly associated with GC B cells (r=0.4941,
p=0.0540); the caveat being that these B cells were not HIV Env-
specific but represented total GC B cells. Note that Env-specific
lymph node TFH frequencies were positively correlated with
OX40+CD137+ TFH frequencies (r=0.5956, p=0.0274) after in
vitro SEB stimulation. SEB-activated OX40+CD137+ TFH

frequencies were also weakly correlated with GC B cells
(r=0.5235, p=0.0567) and showed a positive correlation with
lymph node CD27+ memory B cells (r=0.7363, p=0.0037).
Combined, these data support the idea that the measurement
of total GC B cells was likely representative of Env-specific GC B
cells in our study. B cell frequencies or Env-specific lymph node
TFH frequencies were not associated with D3 cytokines or
gene signatures.

We further evaluated the potential impact of the innate
response to the vaccine prime on HIV Env-and SIV Gag-
specific CD8+ T cell responses in peripheral blood at week 34.
SIV Gag-specific CD8+ T cell responses were included because
both vaccine regimens involved an adenoviral vector prime
with ChAdOx1.tSIVconsv239 that was followed by two
booster immunizations with MVA.tSIVconsv239 (15, 16).
Peripheral blood SIV-Gag-specific CD8+ T cell responses (see
Supplemental Figure S3) at week 34 were negatively correlated
to plasma IFN-a concentrations on D1, but positively correlated
with mRNA levels of IFNA2 and IL18 on D3 (Table 6).
Correlations were not observed with peripheral blood HIV
Env-specific CD8+ T cells (Table 6). Representative examples
of correlations between vaccine prime-induced innate immune
responses and adaptive immune responses are provided
in Figure 8.

Although none of the correlations remained statistically
significant after adjusting for multiple comparison testing at the
0.05 significance level, the fact that correlations of early DEG
mRNA with Env-specific ADCC responses were almost
exclusively observed at week 34, suggested that these associations
were non-random. Additionally, the distribution of unadjusted p-
values in each hypothesis group (Supplemental Figure S6) is
Frontiers in Immunology | www.frontiersin.org 1143
favored more heavily in lower p-values. As the tests for moderate
correlations were underpowered given the current sample size, this
shape suggested qualitatively that there may be potential true
correlation estimates that were not detectable as statistically
significant in this study due to lack of power after FDR correction.

In summary, we discovered several correlations between early
vaccine prime-induced immune responses and vaccine-induced
adaptive immune parameters (Figure 9). The induction of
several D1 DEG appeared to promote Env-specific antibody
responses, whereas elevated plasma cytokines on D1 inversely
affected antibody responses. The most pronounced effect of the
D1 innate responses was on Env-specific TFH (Figure 9). In
agreement with the transient upregulation of genes, by D3
positive correlations between gene expression and vaccine-
induced antibody responses were no longer detectable. The
mRNA levels of most cytokine-encoding genes were inversely
correlated with Env-specific plasma IgG, neutralizing antibodies,
and ADCC responses (Figure 9). Furthermore, among the genes
with altered expression on D1, a subset of eight genes (IL1RN,
CCR1, TNFAIP3, HLA-DMA, IL2RA, CSF2RB, FCGR1A, and
MCP1; Table 4) only correlated with ADCC function, but not
with Env-specific IgG or neutralizing antibodies.

Discussion
The results of the current study demonstrate that the vaccine
prime with an HIV Env protein mixed with 3M-052-SE induced
a rapid, but transient, innate immune response characterized by
an increase in inflammatory cytokines and elevated mRNA levels
of genes associated with chemotaxis, type I interferon responses,
and the sensing and priming of adaptive immune responses. Our
results also suggest that the inclusion of the MVA-HIV vaccine
in addition to the HIV Env protein vaccine modified this
inflammatory response. Nonetheless, the mRNA levels of
differentially expressed genes on day 1 in animals of both
groups correlated with the magnitude and function of vaccine-
induced adaptive immune responses assessed between weeks 14
to 34 post prime. The latter finding is consistent with other
TABLE 2 | Continued

Parameter Spearman Correlation

week 14 week 20 week 32 week 34

r p q r p q r p q r p q

MCP1 -0.5516 0.0438 0.5158 -0.2747 0.3411 0.7378 -0.2176 0.4541 0.7873 -0.6000 0.0261 0.5158
IL1RN -0.3714 0.1918 0.6277 0.1121 0.7043 0.9060 -0.0989 0.7385 0.9136. -0.2352 0.4175 0.7633
D3 Cytokine Proteins
IFN-a -0.0632 0.8382 0.9484 0.1348 0.6589 0.8896 0.3026 0.3121 0.7212 0.2944 0.3264 0.7335
IL-6 0.3232 0.2949 0.7046 -0.0961 0.7564 0.9211 0.0874 0.7820 0.9263 0.3319 0.2820 0.6999
IL-18 -0.0660 0.8231 0.9451 0.2552 0.3757 0.7526 0.1694 0.5597 0.8284 -0.1012 0.7298 0.9117
IFN-g -0.3160 0.2689 0.6988 -0.0022 0.9968 0.1000 0.3005 0.2870 0.7021 -0.0354 0.9062 0.9557
MCP-1 -0.7890 0.0013 0.4228 -0.2835 0.3253 0.7335 0.2527 0.3825 0.7548 -0.5165 0.0615 0.5158
IL-1RA 0.0399 0.8967 0.9556 -0.0446 0.8839 0.9547 0.1948 0.5030 0.7907 0.1338 0.6483 0.8824
April 20
22 | Volume
 13 | Article
abold font corresponds to p<0.05.
bbold and italic font corresponds to p<0.01
cGenes shared between the top five scoring pathways on D1 also included IL1RN, SOCS3, IFITM1, IRF7, NFKBIA, and KIT, genes that are included in the DEG.
dThe gene encoding IL-1RA is ILRN that is included in the DEG.
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TABLE 3 | Correlation of early gene expression with vaccine-induced Env-specific neutralizing antibodies.

Parameter Spearman Correlation

week 14 week 32 week 34

r p q r p q r p q

D1 DEG
SERPING1 0.1500 0.5934 0.8379 0.2000 0.4738 0.7881 0.2679 0.3334 0.7378
C3AR1 0.3107 0.2592 0.6848 0.3786 0.1649 0.6147 0.3464 0.2061 0.6313
IL1RN 0.2393 0.3892 0.7592 0.3250 0.2370 0.6739 0.4393 0.1032 0.5737
TNFAIP6 0.3214 0.2425 0.6804 0.3607 0.1870 0.6212 0.5214 0.0488 0.5158
PLAUR -0.4750 0.0759 0.5415 -0.5143 0.0524 0.5158 -0.1929 0.4901 0.7907
FPR2 0.1429 0.6115 0.8548 0.1857 0.5067 0.7907 0.3714 0.1735 0.6182
SOCS3 0.4821 0.0711 0.5358 0.5357 0.0422 0.5158 0.4571 0.0888 0.5470
OAS1 0.4179 0.1227 0.7907 0.1929 0.4901 0.7378 -0.3714 0.1735 0.5900
TNFSF10 0.2893 0.2949 0.7046 0.4107 0.1297 0.5900 0.3893 0.1525 0.6055
CCR1 0.0179 0.9540 0.9803 0.0714 0.8025 0.9365 0.4679 0.0808 0.5470
LILRA3 0.4071 0.1334 0.5900 0.4500 0.0944 0.5506 0.5357 0.0422 0.5158
IFITM1 0.5964 0.0213 0.5158 0.6429 0.0116 0.4927 0.5000 0.0602 0.5158
ARG2 0.3393 0.2161 0.6415 0.3750 0.1692 0.6169 0.4179 0.1227 0.5900
CD82 0.2607 0.3469 0.7378 0.3107 0.2592 0.6848 0.2929 0.2888 0.7021
IRF7 0.3929 0.1485 0.6004 0.4429 0.1002 0.5650 0.5679 0.0297 0.5158
IFI35 -0.1964 0.4819 0.7881 -0.2500 0.3678 0.7433 0.1607 0.5667 0.8284
NFKBIA 0.1893 0.4983 0.7907 0.2571 0.3538 0.7378 0.3607 0.1870 0.6212
CSF3R 0.3393 0.2160 0.6415 0.3821 0.1607 0.6147 0.5179 0.0506 0.5158
DDIT3 0.2857 0.3012 0.7047 0.2964 0.2827 0.6999 0.6464 0.0110 0.4927
GP1BB 0.0321 0.9132 0.9557 0.0536 0.8525 0.9506 0.2071 0.4578 0.7876
CLU -0.2214 0.4266 0.7633 -0.1964 0.4819 0.7880 -0.1929 0.4901 0.7907
TNFAIP3 0.1893 0.4983 0.8824 0.1286 0.6482 0.7907 0.4714 0.0783 0.5470
IL1RL1 -0.0964 0.7337 0.9117 -0.1536 0.5844 0.8379 0.1893 0.4983 0.7907
HLA-DMA -0.4286 0.1127 0.5771 -0.3786 0.1649 0.6147 -0.2536 0.3607 0.7379
KIT -0.4786 0.0735 0.5358 -0.5464 0.0376 0.5158 -0.2214 0.4266 0.7633
D1 Shared Pathway Genesc

IL2RA 0.0893 0.7532 0.9189 0.1250 0.6575 0.8895 0.1214 0.6669 0.8932
CSF2RB 0.2214 0.4266 0.7633 0.3286 0.2317 0.6722 0.4071 0.1334 0.5900
FCGR1A 0.2393 0.3892 0.7592 0.3179 0.2479 0.6804 0.3643 0.1824 0.6212
DUSP4 -0.3429 0.2111 0.6408 -0.2214 0.4266 0.7633 -0.1607 0.5667 0.8284
HLA-DQB1 -0.6857 0.0061 0.4927 -0.6964 0.0051 0.4927 -0.4571 0.0888 0.5470
HLA-DRB1 0.0714 0.8025 0.9365 0.1500 0.5934 0.8379 -0.0070 0.9847 0.9980
D1 Cytokine Genesd

IFNA2 -0.3786 0.1649 0.6147 -0.4321 0.1094 0.5737 -0.1500 0.5934 0.8379
IL6 -0.4321 0.1094 0.5737 -0.3964 0.1446 0.6003 -0.1000 0.7241 0.9098
IL18 -0.3893 0.1525 0.6055 -0.4607 0.0861 0.5470 -0.2286 0.4114 0.7633
IFNG -0.4607 0.0861 0.5470 -0.5071 0.0562 0.5158 -0.5000 0.0602 0.5158
MCP1 -0.2321 0.4039 0.7633 -0.2107 0.4498 0.7820 0.2250 0.4190 0.7633
D1 Cytokine Proteins
IFN-a -0.1321 0.6389 0.8785 -0.0464 0.8726 0.9547 -0.2036 0.4657 0.7880
IL-6 0.0643 0.8196 0.9557 0.0304 0.9158 0.9450 -0.2574 0.3514 0.7378
IL-18 -0.1250 0.6575 0.8898 -0.0429 0.8828 0.9547 -0.2679 0.3334 0.7378
IFN-g 0.3378 0.2170 0.6415 0.4004 0.1394 0.5996 0.0840 0.7654 0.9220
MCP-1 -0.0321 0.9132 0.9557 0.1786 0.5235 0.7960 -0.3500 0.2012 0.6314
IL-1RA -0.2000 0.4738 0.7880 -0.2036 0.4657 0.7880 -0.0786 0.7827 0.9263
D3 DEG
CLU -0.3978 0.1602 0.6147 -0.1780 0.5423 0.8141 -0.0901 0.7616 0.9220
GP1BB -0.1736 0.5526 0.8239 0.0945 0.7500 0.9189 0.0154 0.9637 0.9833
BCL2L1 0.0769 0.7965 0.9360 0.4330 0.1239 0.5900 -0.0153 0.9637 0.9833
IL1RL1 -0.0374 0.9035 0.9557 0.0637 0.8319 0.9451 -0.6835 0.0088 0.4927
ILR2 -0.3275 0.2530 0.6848 -0.2088 0.4731 0.7881 -0.6132 0.0224 0.5158
D3 Shared Pathway Genes
HLA-C 0.0154 0.9638 0.9833 -0.0901 0.7616 0.9220 0.4681 0.0938 0.5506
FCGR1A -0.4110 0.1458 0.6003 -0.3802 0.1808 0.6212 -0.3407 0.2335 0.6724
D3 Cytokine Genes
IFNA2 -0.1165 0.6930 0.9029 -0.3099 0.2806. 0.6999 -0.5297 0.0543 0.5158
IL6 -0.1121 0.7042 0.9060 -0.2615 0.3656 0.7433 -0.1692 0.5629 0.8284
IL18 -0.3011 0.2951 0.7046 -0.3319 0.2464 0.6804 -0.8242 0.0005 0.3471
IFNG 0.0418 0.8915 0.9547 -0.0505 0.8676 0.9547 -0.4286 0.1281 0.5900
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studies documenting a link between early innate immune
responses and vaccine-induced immunogenicity at later
timepoints (8, 10, 13, 14, 31).

Relevant to the current study, a recent analysis of samples
from the RV144 HIV vaccine trial in human adults found that
several genes were upregulated on day 1 after the vaccine prime,
and then, analogous to our results, rapidly returned to baseline
(pre-vaccine) levels (14). In addition, the authors noted an
increase in several plasma cytokines on day 1. Among those
cytokines were IL-6, MCP-2, and IFN-g, cytokines that were also
found at elevated plasma levels in our study. In RV144
participants, increases in cytokines at day 1 were positively
correlated with the vaccine-induced Env-specific plasma
antibodies at 6.5 months, whereas the early gene signature was
not correlated with plasma Env-specific IgG responses (14). The
early gene signature was, however, positively correlated with
ADCC and antibody-dependent phagocytosis function at 6.5
months (14). In our study, with the exception of IFN-a that was
inversely correlated with SIV Gag-specific CD8+ T cell responses,
we did not find a correlation between day 1 elevated plasma
cytokines and vaccine-induced adaptive immune responses
between weeks 14 to 34. However, on D3 IFN-a and IL-18
plasma concentrations were positively correlated with SIV Gag-
specific CD8+ T cell responses, while MCP-1 was inversely
correlated to plasma IgG and ADCC function.

Similar to the findings in the RV144 analysis, several of the
DEG identified in the current study were positively correlated
with Env-specific antibody responses. It was notable that the
correlation of early genes with the magnitude of Env-specific
ADCC responses was primarily found at week 34, a result
consistent with maturation of functional antibody responses
over time. This question should be addressed in future studies
to determine at what timepoint correlations between early
vaccine-prime-induced responses and specific functional
adaptive immune parameters should be assessed to predict
vaccine immunogenicity and potential efficacy. We identified
several genes that were only correlated with ADCC, but not with
plasma IgG and neutralizing antibody responses. A study
analyzing the transcriptome of adult rhesus macaques
Frontiers in Immunology | www.frontiersin.org 1345
vaccinated with a mosaic adenovirus 26-based SIV vaccine that
provided partial efficacy against infection with SIV and/or SHIV
challenge identified a specific B cell signature that was associated
with immune correlates of protection (32). Importantly, this
molecular signature could be validated in human adult
participants of the RV144 trial that were protected against HIV
acquisition (32). One of the genes, TNFSF13, correlated
specifically with ADCC and ADCP responses in vaccinees. The
D1 mRNA levels of the related genes TNFSF10, TNFIAP3, and
TNFIAP6 were also correlated with ADCC responses in the
current study. Conversely, we need to determine whether
functionally distinct adaptive immune responses can be
foretold by specific innate immune or molecular signatures.
This question is important for HIV vaccine design to modulate
innate immune responses in a targeted fashion to optimize the
induction of broadly neutralizing antibodies, antibodies with Fc-
mediated effector function, and/or antiviral T cell responses.

Earlier studies have demonstrated that distinct vaccine
strategies (live attenuated versus inactivated viral vaccines
versus polysaccharide vaccines) differ in the early immune
response (9). A comparative study examining the early
peripheral blood transcriptome in response to five different
vaccines found that despite vaccine-specific gene signatures,
similar innate immune response pathways, such as
complement activation, inflammation, and antigen-sensing and
presentation, were targeted (10). The DEG identified in the
current study support these earlier findings. Adjuvants are
important means in modulating the early innate response and
enhancing specific adaptive immune responses (7, 33). In fact, we
and others have previously reported how different adjuvants can
alter the magnitude and quality of HIV Env-specific antibody
responses (34–36). In the current study, several of the DEG (e.g.,
the type I interferon inducible genes OAS1, IRF7, IFITM1,
SOCS3, IFI35) likely reflected the host response to the TLR7/8-
agonist-based adjuvant 3M-052-SE (37–39). This conclusion was
supported when a network and enrichment analysis that
included all D1 genes that were positively correlated with
antibody responses analysis identified the TLR7/8 cascade as
one of the important pathways (FDR p=2.01E-08)
TABLE 3 | Continued

Parameter Spearman Correlation

week 14 week 32 week 34

r p q r p q r p q

MCP1 -0.0549 0.8557 0.9506 -0.0022 1.0000 1.0000 -0.4945 0.0750 0.5411
IL1RN -0.2307 0.4265 0.7633 -0.0725 0.8083 0.9400 -0.0417 0.8915 0.9547
D3 Cytokine Proteins
IFN-a 0.3439 0.2484 0.6804 0.4044 0.1706 0.6181 0.4237 0.1494 0.6005
IL-6 0.2096 0.5000 0.7907 -0.0262 0.9487 0.9764 0.0262 0.9487 0.9764
IL-18 -0.1848 0.5243 0.7960 0.0726 0.8049 0.9377 -0.1210 0.6784 0.8944
IFN-g -0.2077 0.4732 0.7881 -0.0530 0.8581 0.9517 -0.0972 0.7402 0.9136
MCP-1 -0.1077 0.7156 0.9098 -0.0066 0.9879 0.9983 -0.3319 0.2464 0.6804
IL-1RA -0.5328 0.0532 0.5158 -0.4811 0.0843 0.5470 0.0023 1.0000 1.0000
April 2022 | Volu
me 13 | Article
abold font corresponds to p < 0.05.
bbold and italic font corresponds to p < 0.01.
cGenes shared between the top five scoring pathways on D1 also included IL1RN, SOCS3, IFITM1, IRF7, and NFKBIA, genes that are included in the DEG.
dThe gene encoding IL-1RA is ILRN that is included in the DEG.
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TABLE 4 | Correlation of early gene expression with vaccine-induced Env-specific ADCC.

Parameter Spearman Correlation

week 14 week 20 week 32 week 34

r p q r p q r p q r p q

D1 DEG
SERPING1 -0.0464 0.8726 0.9547 0.0964 0.7337 0.9117 0.2679 0.3334 0.7378 0.4684 0.0799 0.5470
C3AR1a -0.0893 0.7532 0.9189 0.3929 0.1485 0.6004 0.2964 0.2827 0.6999 0.6363 0.0129 0.5121
IL1RNb -0.0071 0.9847 0.9981 0.3179 0.2479 0.6804 0.4321 0.1094 0.5737 0.6768 0.0073 0.4927
TNFAIP6 0.1571 0.5756 0.8342 0.1214 0.6669 0.8932 0.1393 0.6205 0.8621 0.5016 0.0590 0.5158
PLAUR -0.3714 0.1735 0.6182 0.0607 0.8324 0.9450 0.0214 0.9438 0.9758 0.3689 0.1751 0.6184
FPR2 0.1071 0.7049 0.9060 0.1143 0.6858 0.8988 0.1786 0.5253 0.7960 0.3947 0.1453 0.6003
SOCS3 0.3000 0.2767 0.6999 0.5429 0.0391 0.5158 0.7393 0.0023 0.4664 0.5275 0.0458 0.5158
OAS1 0.1286 0.6482 0.8824 0.0357 0.9031 0.9557 0.1571 0.5756 0.8342 0.4316 0.1091 0.5737
TNFSF10 -0.0393 0.8929 0.9547 0.3679 0.1779 0.6212 0.4571 0.0888 0.5470 0.5699 0.0292 0.5158
CCR1 0.2857 0.3012 0.7047 0.2143 0.4421 0.7785 0.3500 0.2012. 0.6314 0.6436 0.0117 0.4927
LILRA3 0.2000 0.4738 0.7881 0.2929 0.2888 0.7021 0.2786 0.3139 0.7212 0.4980 0.0611 0.5158
IFITM1 0.2750 0.3203 0.7310 0.2286. 0.4114 0.7633 0.3393 0.2161 0.6415 0.4832 0.0700 0.5358
ARG2 0.2679 0.3335 0.7378 0.1500 0.5934 0.8379 0.2571 0.3538 0.7378 0.3523 0.1964 0.6314
CD82 0.1750 0.5320 0.8022 0.1607 0.5667 0.8284 0.2857 0.3012 0.7047 0.3043 0.2673 0.6979
IRF7 0.2929 0.2888 0.7021 0.2214 0.4266 0.7633 0.3286 0.2317 0.6722 0.5662 0.0304 0.5158
IFI35 0.2250 0.4189 0.7633 0.0607 0.8324 0.9451 0.2250 0.4189 0.7633 0.4057 0.1336 0.5900
NFKBIA 0.1393 0.6205 0.8621 0.0571 0.8425 0.9484 0.1929 0.4901 0.7907 0.4131 0.1263 0.5900
CSF3R 0.2786 0.3139 0.7212 0.1643 0.5580 0.8283 0.2643 0.3401 0.7378 0.5348 0.0425 0.5158
DDIT3 0.0893 0.7532 0.9189 0.1786 0.5253 0.7960 0.1286 0.6482 0.8824 0.5275 0.0458 0.5158
GP1BB 0.0036 0.9949 0.9999 -0.2464 0.3748 0.7526 -0.2929 0.2888 0.7021 0.0664 0.0814 0.9444
CLU -0.0786 0.7827 0.9263 -0.3286 0.2317 0.6723 -0.1750 0.5320 0.8022 -0.0646 0.8187 0.9451
TNFAIP3 -0.0250 0.9336 0.9682 0.3500 0.2012 0.6314 0.4286 0.1127 0.5771 0.6584 0.0096 0.4927
IL1RL1 -0.0536 0.8505 0.9506 -0.1357 0.6297 0.8695 -0.1179 0.6763 0.8933 0.4186 0.1209 0.5900
HLA-DMA -0.5071 0.0562 0.5158 -0.3143 0.2536 0.6848 -0.5607 0.0322 0.5158 -0.3025 0.2703 0.6988
KIT -0.3250 0.2370 0.6739 -0.2143 0.4421 0.7785 -0.3036 0.2708 0.6988 0.1778 0.5239 0.7960
D1 Shared Pathway Genesc

IL2RA 0.3357 0.2212 0.6510 0.4571 0.0888 0.5470 0.5607 0.0322 0.5158 0.5496 0.0364 0.5158
CSF2RB 0.1286 0.6482 0.8824 0.2964 0.2827 0.6999 0.4321 0.1094 0.5737 0.5939 0.0221 0.5158
FCGR1A -0.1964 0.4819 0.7880 0.5571 0.0335 0.5158 0.3393 0.2161 0.6414 0.5625 0.0317 0.5158
DUSP4 -0.4714 0.0783 0.5470 0.2036 0.4657 0.7881 0.3107 0.2592 0.6848 0.3799 0.1618 0.6147
HLA-DQB1 -0.4964 0.0623 0.5158 -0.3179 0.2479 0.6804 -0.4357 0.1063 0.5737 -0.3596 0.1867 0.6212
HLA-DRB1 -0.2429 0.3820 0.7548 -0.1500 0.5934 0.8379 -0.3000 0.2767 0.6999 -0.0922 0.7421 0.9136
D1 Cytokine Genesd

IFNA2 -0.1678 0.5492 0.8226 0.0536 0.8525 0.9506 0.0856 0.7630 0.9220 0.2545 0.3561 0.7378
IL6 -0.4036 0.1370 0.5931 -0.0250 0.9336 0.9682 -0.0321 0.9132 0.9557 0.3043 0.2673 0.6979
IL18 -0.4214 0.1193 0.5900 -0.2250 0.4189 0.7633 -0.1036 0.7144 0.9098 0.2102 0.4478 0.7820
IFNG -0.5500 0.0362 0.5158 -0.2643 0.3402 0.7378 -0.1643 0.5579 0.8283 -0.0387 0.8917 0.9550
MCP1 -0.1500 0.5934 0.8379 0.5179 0.0506 0.5158 0.3786 0.1649 0.6147 0.6621 0.0091 0.4927
D1 Cytokine Proteins
IFN-a -0.0714 0.8025 0.9365 -0.0714 0.8025 0.9365 -0.3536 0.1964 0.6313 0.0590 0.8342 0.9455
IL-6 0.1144 0.6829 0.8984 -0.1001 0.7212 0.9098 -0.0536 0.8497 0.9506 -0.3840 0.1567 0.6147
IL-18 0.2214 0.4266 0.7633 -0.0893 0.7532 0.9188 -0.2214 0.4266 0.7633 0.0387 0.8917 0.9547
IFN-g 0.1001 0.7213 0.9098 -0.0572 0.8396 0.9484 -0.0947 0.7361 0.9130 0.0406 0.8849 0.9547
MCP-1 0.1036 0.7144 0.9098 -0.0786 0.7827 0.9262 0.2536 0.3607 0.7379 -0.1070 0.7021 0.9060
IL-1RA 0.1964 0.4819 0.7881 -0.1500 0.5934 0.8379 -0.1321 0.6389 0.8785 0.1180 0.6726 0.8933
D3 DEG
CLU 0.1121 0.7043 0.9036 -0.3275 0.2530 0.6906 -0.5736 0.0349 0.5243 -0.2978 0.2981 0.7089
GP1BB 0.0549 0.8557 0.9504 -0.1692 0.5629 0.8312 -0.5033 0.0694 0.5446 -0.2556 0.3742 0.7604
BCL2L1 -0.2528 0.3825 0.7650 -0.0330 0.9155 0.9565 -0.1429 0.6266 0.8651 -0.0133 0.9663 0.9836
IL1RL1 -0.3143 0.2735 0.7036 -0.1560 0.5944 0.8376 0.1253 0.6706 0.8904 -0.3911 0.1663 0.9196
ILR2 -0.1604 0.5838 0.8376 -0.2967 0.3025 0.7089 0.0637 0.8319 0.9446 -0.3400 0.2324 0.6774
D3 Shared Pathway Genes
HLA-C 0.1033 0.7270 0.9115 0.1868 0.5221 0.7999 -0.0637 0.8319 0.9446 0.1978 0.4942 0.7962
FCGR1A -0.2351 0.4174 0.7633 -0.1076 0.7156 0.9098 0.2307 0.4265 0.7633 0.0422 0.8870 0.9547
D3 Cytokine Genes
IFNA2 -0.3802 0.1808 0.6282 -0.5209 0.0591 0.5243 0.0066 0.9879 0.9982 -0.4422 0.1144 0.5820
IL6 -0.2835 0.3253 0.7382 -0.2088 0.4731 0.7933 -0.0637 0.8319 0.9446 -0.3022 0.2907 0.7081
IL18 -0.6352 0.0171 0.5243 -0.2659 0.3573 0.7453 -0.7534 0.0028 0.4741 -0.7231 0.0047 0.5001
IFNG -0.3758 0.1862 0.6282 -0.1604 0.5838 0.8376 0.2044 0.4827 0.7933 -0.5111 0.0641 0.5292
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TABLE 4 | Continued

Parameter Spearman Correlation

week 14 week 20 week 32 week 34

r p q r p q r p q r p q

MCP1 -0.2044 0.4827 0.7933 0.2967 0.3025 0.7089 0.6176 0.0212 0.5243 0.0333 0.9114 0.9565
IL1RN -0.1780 0.5423 0.8183 0.0593 0.8438 0.9480 0.1912 0.5121 0.7999 -0.0022 0.9970 0.9999
D3 Cytokine Proteins
IFN-a -0.2063 0.4958 0.7962 0.1183 0.6991 0.9036 0.1898 0.5316 0.8063 0.1936 0.5224 0.7999
IL-6 0.1922 0.5513 0.8281 -0.0437 0.8974 0.9563 -0.0874 0.7821 0.9235 -0.0133 0.9615 0.9830
IL-18 -0.0968 0.7413 0.9152 -0.1298 0.6562 0.8862 0.0484 0.8707 0.9552 -0.0645 0.8521 0.9446
IFN-g -0.3624 0.2021 0.6388 -0.1658 0.5684 0.8318 0.0685 0.8159 0.9432 0.0391 0.8935 0.9552
MCP-1 -0.5692 0.0366 0.5243 -0.2659 0.3573 0.7453 -0.0462 0.8796 0.9552 -0.3845 0.1741 0.6217
IL-1RA 0.1009 0.7327 0.9131 -0.2229 0.4417 0.7872 -0.0211 0.9482 0.9759 0.0427 0.8856 0.9552
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abold font corresponds to p < 0.05.
bbold and italic font corresponds to p < 0.01.
cGenes shared between the top five scoring pathways on D1 also included IL1RN, SOCS3, IFITM1, IRF7, NFKBIA, and KIT, genes that are included in the DEG.
dThe gene encoding IL-1RA is ILRN that is included in the DEG.
TABLE 5 | Correlation of early gene expression with follicular T helper cells (TFH) or with memory or germinal center (GC) B cells (week 34).

Parameter Spearman Correlation

PBMC Lymph Nodes

Memory B cells Memory B cells GC B cells Env-specific TFH

r p q r p q r p q r p q

D1 DEG
SERPING1a,b 0.3914 0.1492 0.7379 0.1464 0.6024 0.8743 0.6214 0.0155 0.3200 0.6536 0.0099 0.3200
C3AR1 0.1487 0.5209 0.8529 0.1036 0.7144 0.9287 0.3393 0.2161 0.7714 0.5429 0.0391 0.4579
IL1RN 0.3968 0.1432 0.7379 0.2679 0.3334 0.7868 0.5286 0.0454 0.4825 0.7286 0.0029 0.3153
TNFAIP6 0.1877 0.5002 0.8523 0.2821 0.3074 0.7861 0.4107 0.1297 0.7202 0.7143 0.0037 0.3153
PLAUR 0.2735 0.3216 0.7861 0.1571 0.5756 0.8658 0.6286 0.0141 0.3200 0.5393 0.0406 0.4578
FPR2 0.2413 0.3835 0.8163 0.3107 0.2592 0.7714 0.3643 0.1824 0.7458 0.6500 0.0105 0.3200
SOCS3 0.5594 0.0324 0.4578 0.3429 0.2111 0.7714 0.3107 0.2592 0.7714 0.3857 0.1566 0.7379
OAS1 0.3021 0.2719 0.7729 0.2929 0.2888 0.7729 0.4357 0.1063 0.6703 0.7643 0.0014 0.3153
TNFSF10 0.4004 0.1394 0.7378 0.2964 0.2827 0.7729 0.4000 0.1408 0.7378 0.5679 0.0297 0.4426
CCR1 0.2520 0.3622 0.8163 0.3750 0.1692 0.7379 0.4214 0.1193 0.6857 0.6250 0.0148 0.3200
LILRA3 0.1859 0.5041 0.8523 0.3571 0.1917 0.7667 0.3107 0.2592 0.7714 0.5429 0.0391 0.4578
IFITM1 0.1680 0.5466 0.8543 0.0143 0.9642 0.9907 0.1714 0.5406 0.8529 0.3500 0.2012 0.7714
ARG2 0.2806 0.3087 0.7861 0.2464 0.3748 0.8163 0.3107 0.2592 0.7714 0.5393 0.0462 0.4578
CD82 0.3682 0.1763 0.7379 0.2714 0.3269 0.7861 0.3250 0.2370 0.7714 0.6214 0.0155 0.3200
IRF7 0.1930 0.4875 0.8512 0.2321 0.4039 0.8167 0.2750 0.3203 0.7861 0.5714 0.0286 0.4426
IFI35 0.3682 0.1763 0.7379 0.2143 0.4421 0.8367 0.5393 0.0406 0.4578 0.5250 0.0471 0.4864
NFKBIA 0.2520 0.3621 0.8163 0.1964 0.4819 0.8512 0.3679 0.1779 0.7379 0.6893 0.0057 0.3166
CSF3R 0.1180 0.6735 0.9054 0.2393 0.3892 0.8163 0.3393 0.2161 0.7714 0.5500 0.0362 0.4578
DDIT3 0.1662 0.5512 0.8544 0.2714 0.3268 0.7861 0.3321 0.2264 0.7714 0.7071 0.0042 0.3153
GP1BB 0.1019 0.7167 0.9287 0.3071 0.2649 0.7729 0.3536 0.1964 0.7714 0.6571 0.0094 0.3200
CLU 0.1948 0.4837 0.8512 0.1750 0.5320 0.8529 0.4214 0.1193 0.6857 0.4500 0.0944 0.6415
TNFAIP3 0.3342 0.2221 0.7714 0.2857 0.3012 0.7861 0.4536 0.0915 0.6415 0.7214 0.0033 0.3135
IL1RL1 -0.0858 0.7602 0.9302 0.0500 0.8626 0.9550 0.6786 0.0068 0.3166 0.4607 0.0861 0.6415
HLA-DMA -0.5719 0.0281 0.4426 -0.0179 0.9540 0.9907 -0.3036 0.2708 0.7729 -0.0929 0.7435 0.9202
KIT 0.0393 0.8901 0.9709 0.0607 0.8324 0.9483 0.5714 0.0286 0.4426 0.4571 0.0888 0.6415
D1 Shared Pathway Genesc

IL2RA 0.4021 0.1377 0.7378 0.2393 0.3892 0.8163 0.2107 0.4498 0.8367 0.3000 0.2767 0.7729
CSF2RB 0.3181 0.2461 0.7714 0.2929 0.2888 0.7729 0.3893 0.1525 0.7379 0.5929 0.0222 0.3933
FCGR1A 0.4629 0.0838 0.6414 0.3179 0.2479 0.7714 0.3821 0.1607 0.7379 0.4893 0.0666 0.5629
DUSP4 0.0626 0.8249 0.9483 0.2143 0.4421 0.8367 0.4250 0.1159 0.6857 0.1821 0.5150 0.8529
HLA-DQB1 -0.2270 0.4130 0.8189 -0.1929 0.4901 0.8512 -0.1464 0.6023 0.8743 -0.1786 0.5235 0.8529
HLA-DRB1 -0.4147 0.1249 0.7038 -0.2821 0.3074 0.7861 -0.3250 0.2370 0.7714 -0.0036 0.9948 0.9969

(Continued)
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(Supplemental Figure S7). When we limited the analysis to
genes that were only correlated with ADCC function, the Toll-
like receptor signaling pathway (FDR p=6.36E-06), the BCR
signaling pathway (FDR p=0.0002), and the NK cell-mediated
cytotoxicity pathway (FDR p=0.0028) were also identified in the
enrichment analysis (Supplemental Table S5). It should be
noted though that enrichment analysis of the data in our study
here is biased as we performed a targeted transcriptome analysis
and therefore only a limited number of genes could be identified.

The type I interferon response could have also been induced
by the administration of the viral ChAd vector (40–43). The
coadministration of MVA in Group 2 appeared to modify the
innate response observed in Group 1. The current study did not
include an adjuvant only group or groups being only immunized
with the ChAd vector or MVA. Therefore, we were not able to
Frontiers in Immunology | www.frontiersin.org 1648
study the innate response to the individual vaccine components
(adjuvant, ChAdV, or MVA). As the individual components of
the vaccine regimen were administered at different sites, the
potential interference in innate immune responses must have
been due to a rapid systemic effect. Interestingly, it was reported
previously that the simultaneous administration of HAdV5 and
MVA vectors resulted in vaccine interference, evident in
suppressed CD8+ T cell responses (44). It is also well
established that MVA encodes several immune evasion genes
that could have suppressed the innate response, especially the
type I interferon response, induced by the 3M-052-SE
adjuvanted HIV Env protein (45, 46). In fact, novel MVA
vaccine vectors are being developed to improve the
immunogenicity of MVA (47, 48). However, it is also well
documented that MVA can induce potent innate responses
TABLE 5 | Continued

Parameter Spearman Correlation

PBMC Lymph Nodes

Memory B cells Memory B cells GC B cells Env-specific TFH

r p q r p q r p q r p q

D1 Cytokine Genesd

IFNA2 0.3682 0.1763 0.7379 0.1929 0.4901 0.8512 0.5179 0.0506 0.4951 0.3250 0.2370 0.7714
IL6 0.2967 0.2807 0.7729 0.2500 0.3678 0.8163 0.5536 0.0349 0.4578 0.6857 0.0061 0.3166
IL18 -0.1948 0.4837 0.8512 -0.2857 0.3011 0.7861 0.5107 0.0543 0.5031 0.1964 0.4819 0.8512
IFNG 0.1537 0.5817 0.8658 -0.2429 0.3820 0.8163 0.4679 0.0808 0.6399 0.2107 0.4498 0.8367
MCP1 0.5326 0.0431 0.4716 0.3750 0.1692 0.7379 0.5179 0.0506 0.4951 0.6393 0.0122 0.3201
D1 Cytokine Proteins
IFN-a -0.1716 0.5380 0.8529 -0.0929 0.7435 0.9302 -0.2750 0.3203 0.7861 0.1464 0.6023 0.8743
IL-6 0.3399 0.2132 0.7714 -0.5076 0.0554 0.5031 -0.4486 0.0948 0.6415 -0.0286 0.9206 0.9871
IL-18 0.1287 0.6455 0.8959 0.0571 0.8425 0.9483 -0.1000 0.7241 0.9287 0.4071 0.1334 0.7295
IFN-g 0.2952 0.2820 0.7729 -0.2324 0.4016 0.8166 -0.0840 0.7539 0.9302 0.2717 0.3246 0.7861
MCP-1 0.5094 0.0545 0.5031 -0.2286 0.4114 0.8189 0.0571 0.8425 0.9483 0.3357 0.2212 0.7714
IL-1RA -0.0197 0.9465 0.9907 0.0786 0.7827 0.9414 0.2250 0.4189 0.8212 0.4429 0.1002 0.6657
D3 DEG
CLU 0.1342 0.6452 0.8881 0.4374 0.1198 0.6852 0.0044 0.9911 0.9966 0.1516 0.6051 0.8703
GP1BB 0.0528 0.8587 0.9582 0.4549 0.1044 0.6588 -0.0902 0.7582 0.9305 0.1385 0.6375 0.8872
BCL2L1 0.3410 0.2313 0.7550 0.5209 0.0591 0.8463 0.1782 0.5391 0.8463 0.4769 0.0872 0.6249
IL1RL1 0.2464 0.3929 0.7988 -0.1956 0.5022 0.8424 0.2926 0.3074 0.7734 -0.2440 0.3998 0.7988
ILR2 -0.1276 0.6622 0.8979 -0.1604 0.5838 0.8616 0.0946 0.7467 0.9305 -0.2440 0.3998 0.7988
D3 Shared Pathway Genes
HLA-C -0.0990 0.7352 0.9305 0.0637 0.8319 0.9532 -0.2332 0.4194 0.8037 0.0593 0.8438 0.9532
FCGR1A 0.3850 0.1736 0.7180 0.0374 0.9035 0.9842 0.4158 0.1396 0.7180 -0.0330 0.9155 0.9911
D3 Cytokine Genes
IFNA2 0.1210 0.6784 0.9030 -0.2747 0.3411 0.7803 0.4422 0.1143 0.6852 0.0242 0.9396 0.9911
IL6 0.3256 0.2543 0.7550 -0.1077 0.7126 0.9288 0.2794 0.3305 0.7741 0.1780 0.5423 0.8463
IL18 0.1716 0.5549 0.8498 -0.3890 0.1703 0.7180 0.1496 0.6076 0.8703 -0.1956 0.5022 0.8424
IFNG 0.0616 0.8349 0.9532 -0.3363 0.2399 0.7550 -0.0572 0.8468 0.9536 -0.1780 0.5423 0.8463
MCP1 0.6161 0.0213 0.3870 -0.0154 0.9638 0.9911 0.2444 0.3969 0.7988 0.0418 0.8915 0.9769
IL1RN 0.3476 0.2222 0.7550 0.2528 0.3825 0.7988 -0.0946 0.7466 0.9305 -0.0198 0.9517 0.9911
D3 Cytokine Proteins
IFN-a -0.2672 0.3737 0.7988 0.0908 0.7678 0.9332 -0.3444 0.2477 0.7550 0.1513 0.6196 0.8824
IL-6 -0.1706 0.5833 0.8616 -0.5154 0.0769 0.6185 0.0088 0.9872 0.9953 -0.4193 0.1666 0.7180
IL-18 0.1828 0.5262 0.8463 0.4004 0.1561 0.7180 -0.0903 0.7579 0.9305 0.3476 0.2221 0.7550
IFN-g 0.2500 0.3846 0.7988 0.1503 0.6059 0.8703 0.1018 0.7291 0.9288 0.1635 0.5740 0.8616
MCP-1 0.0792 0.7878 0.9412 -0.0637 0.8319 0.9532 -0.1254 0.6673 0.8979 0.0286 0.9276 0.9911
IL-1RA 0.3195 0.2622 0.7550 0.4577 0.1022 0.6565 0.2350 0.4139 0.8014 0.4858 0.0811 0.6185
April 20
22 | Volume
 13 | Article
abold font corresponds to p < 0.05.
bbold and italic font corresponds to p < 0.01.
cGenes shared between the top five scoring pathways on D1 also included IL1RN, SOCS3, IFITM1, IRF7, NFKBIA, and KIT, genes that are included in the DEG.
dThe gene encoding IL-1RA is ILRN that is included in the DEG.
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TABLE 6 | Correlation of early gene expression with antigen-specific CD8+ T cell responses.

Parameter SIV Gag-specific CD8+ T HIV Env-specific CD8+ T

Spearman Correlationa

r p q r p q

D1 DEG
SERPING1 0.2272 0.4123 0.8014 -0.1841 0.5085 0.8460
C3AR1 -0.0966 0.7308 0.9288 -0.3378 0.2170 0.7550
IL1RN 0.0322 0.9106 0.9889 -0.2985 0.2779 0.7550
TNFAIP6 -0.0125 0.9667 0.9911 -0.1341 0.6319 0.8861
PLAUR 0.0575 0.8397 0.9532 0.0518 0.8551 0.9571
FPR2 0.1306 0.6406 0.8881 0.0572 0.8396 0.9532
SOCS3 0.2666 0.3342 0.7741 -0.3146 0.2516 0.7550
OAS1 0.0286 0.9208 0.9911 -0.1528 0.5729 0.8616
TNFSF10 0.1073 0.7019 0.9241 -0.2931 0.2867 0.7550
CCR1 -0.2111 0.4471 0.8274 -0.3682 0.1764 0.7181
LILRA3 0.0859 0.7601 0.9305 -0.0089 0.9771 0.9953
IFITM1 -0.0054 0.9872 0.9953 -0.3450 0.2070 0.7550
ARG2 0.1699 0.5419 0.8463 0.0107 0.9717 0.9934
CD82 0.2039 0.4629 0.8346 -0.0232 0.9363 0.9911
IRF7 -0.0608 0.8296 0.9532 -0.2055 0.4595 0.8341
IFI35 0.1127 0.6875 0.9117 -0.1323 0.6362 0.8872
NFKBIA 0.0376 0.8952 0.9781 -0.0822 0.7700 0.9332
CSF3R -0.0590 0.8346 0.9532 -0.1787 0.5209 0.8463
DDIT3 0.0072 0.9821 0.9953 -0.1430 0.6088 0.8703
GP1BB 0.0877 0.7551 0.9305 0.2752 0.3181 0.7734
CLU 0.2326 0.4012 06852 0.3592 0.1878 0.7393
TNFAIP3 0.0250 0.9309 0.9911 -0.3825 0.1592 0.7180
IL1RL1 0.0125 0.9667 0.9911 -0.1984 0.4756 0.8413
HLA-DMA -0.3757 0.1673 0.1780 0.0214 0.9410 0.9911
KIT 0.0734 0.7946 0.9412 0.2752 0.3181 0.7734
D1 Shared Pathway Genesc

IL2RA -0.0447 0.8749 0.9675 0.1233 0.6598 0.8979
CSF2RB -0.0143 0.9616 0.9911 -0.1930 0.4875 0.8413
FCGR1A -0.0054 0.9872 0.9953 -0.1984 0.4756 0.8413
DUSP4 -0.1002 0.7212 0.9288 -0.1519 0.5865 0.8621
HLA-DQB1 -0.1342 0.6313 0.8861 0.2359 0.3942 0.7988
HLA-DRB1 -0.2701 0.3275 0.7734 -0.2359 0.3942 0.7988
D1 Cytokine Genesd

IFNA2 0.1664 0.5506 0.8477 0.3146 0.2516 0.7550
IL6 0.0572 0.8397 0.9532 0.1215 0.6641 0.8979
IL18 0.1252 0.6546 0.8973 -0.1734 0.5340 0.8463
IFNG 0.2630 0.3409 0.7803 0.2073 0.4552 0.8332
MCP1 -0.0805 0.7748 0.9359 -0.1912 0.4919 0.8413
D1 Cytokine Proteins
IFN-a -0.6440 0.0113 0.3149 0.2431 0.3797 0.7988
IL-6 0.0161 0.9553 0.9911 0.1682 0.5434 0.8463
IL-18 -0.3846 0.1567 0.7180 0.5004 0.0593 0.5055
IFN-g -0.0877 0.7539 0.9305 0.0734 0.7943 0.9412
MCP-1 0.1360 0.6268 0.8861 -0.0590 0.8350 0.9532
IL-1RA -0.0608 0.8296 0.9532 0.3199 0.2435 0.7550
D3 DEG
CLU -0.0022 0.9969 0.9969 0.1696 0.5596 0.8533
GP1BB -0.1411 0.6281 0.8861 0.1960 0.4989 0.8424
BCL2L1 0.1676 0.5641 0.8567 0.1234 0.6727 0.8997
IL1RL1 0.3462 0.2240 0.7550 0.1256 0.6672 0.8979
ILR2 -0.1147 0.6948 0.9180 -0.0154 0.9607 0.9911
D3 Shared Pathway Genes
HLA-C -0.2272 0.4316 0.8185 0.0771 0.7933 0.9412
FCGR1A 0.3664 0.2170 0.7550 -0.3106 0.2778 0.7550
D3 Cytokine Genes
IFNA2 0.6615 0.0119 0.3149 0.2643 0.3583 0.7988
IL6 0.4851 0.0806 0.6185 0.0793 0.7873 0.9412
IL18 0.6262 0.0189 0.3641 0.3811 0.1785 0.7180
IFNG 0.1610 0.5798 0.8616 0.2137 0.4603 0.8341

(Continued)
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(49–51). In fact, animals in Group 2 had increased plasma
concentrations of several inflammatory cytokines on day 1. It
is plausible that the induction of genes in response to the vaccine
prime peaked prior to our first sampling timepoint at 24 hours in
Frontiers in Immunology | www.frontiersin.org 1850
Group 2. Alternatively, the kinetics of mRNA induction in
Group 2 could have been delayed and occurred between day 1
and day 3. In fact, in Group 2 animals some cytokines were still
elevated on day 3 compared to day 0. Furthermore, specific genes
TABLE 6 | Continued

Parameter SIV Gag-specific CD8+ T HIV Env-specific CD8+ T

Spearman Correlationa

r p q r p q

MCP1 0.2315 0.4226 0.8055 0.0551 0.8525 0.9571
IL1RN 0.0220 0.9424 0.9911 0.0440 0.8822 0.9726
D3 Cytokine Proteins
IFN-a -0.2666 0.3742 0.7988 0.3200 0.2833 07550
IL-6 0.2851 0.3718 0.7988 0.1051 0.7308 0.9288
IL-18 -0.1004 0.7302 0.9288 0.2183 0.4494 0.8274
IFN-g 0.2661 0.3538 0.7988 0.1008 0.7279 0.9288
MCP-1 0.1874 0.5180 0.8463 0.3040 0.2885 0.7550
IL-1RA 0.0494 0.8672 0.9618 -0.0141 0.9643 0.9911
April 20
22 | Volume 13 | Article
abold font corresponds to p < 0.05.
bbold and italic font corresponds to p < 0.01.
cGenes shared between the top five scoring pathways on D1 also included IL1RN, SOCS3, IFITM1, IRF7, NFKBIA, and KIT, genes that are included in the DEG.
dThe gene encoding IL-1RA is ILRN that is included in the DEG.
A

B

FIGURE 8 | Examples of correlations between day 1 or day 3 innate immune responses and adaptive immune responses. Representative examples of correlations
between innate immune responses on Day 1 (A) or Day 3 (B) with distinct adaptive immune responses are presented. (A) Correlation between (i) Env-specific IgG at
week 14 and D1 LILRA3 mRNA expression, (ii) neutralizing ID50 titers at week 34 and D1 DDIT3 mRNA expression, (iii) endpoint ADCC titers at week 34 and D1 TNFAIP3
mRNA, and (iv) week 34 Env-specific TFH frequencies and D1 IL6 mRNA expression. (B) Correlation between (i) week 34 ADCC endpoint titers and D3 IL18 mRNA levels
and (ii) week 34 SIV Gag-specific CD8+ T cell frequencies and D3 IL18 mRNA levels. Each symbol represents an individual animal of Group 1 (orange circles) or Group 2 (blue
circles). The “r” and “p” values were determined by Spearman rank analysis and represent the correlation coefficient and the unadjusted p values, respectively.
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and proteins are induced by distinct cell types and, thus, changes
in relative frequencies of peripheral blood cell populations on
days 1 and 3 compared to day 0 could have altered results
obtained in the whole blood gene expression analysis. Our
findings emphasize the need to assess the impact of individual
vaccine components on vaccine immunogenicity at a more
granular level, including in individual cell populations and
over a more frequent sampling interval.

Both the induction of type I interferons and the activation of
Myd88 by TLR-based adjuvants have been demonstrated to
enhance the inflammatory response through NF-kB activation
(7, 52–54). TLR signaling has also been linked to germinal center
formation, isotype switching, and antibody maturation (55, 56).
While TLR agonists can directly activate B cells, they also
indirectly enhance antibody responses through the activation
of TFH [reviewed in (23)]. In fact, the D1 expression of several
DEG in the current study were correlated with Env-specific
lymph node TFH frequencies at week 34 (Table 6). Although
we found few correlations between DEG and memory or GC B
cells at week 34 (Table 6), it should be noted that we measured
total memory and GC B cells and not Env-specific B cells.

Due to the limited sample size, we could not validate our
findings in a different study setting or with a different data set.
Furthermore, because we did not challenge the animals, we do not
know whether and how the correlations between early gene
induction and vaccine-induced adaptive immune responses
inform predictions about vaccine efficacy. However, the
conclusion that the observed correlations between early innate
Frontiers in Immunology | www.frontiersin.org 1951
immune signatures and later vaccine-induced adaptive immune
responses are biologically relevant is supported by data
demonstrating the role of complement (57), type I interferons
(58, 59), IL-6 (60–62), and TLR signaling (55, 56) in B cell
activation and maturation. The result of the network and
enrichment analyses with genes that were associated with one or
more adaptive immune parameters that identified predicted
partners involved in the BCR signaling pathway further
substantiated this conclusion (Supplementary Figure X). Overall,
the results support the idea that through modulation of innate
immune responses by targeted modifications in the vaccine prime,
we can direct specific HIV-specific antibody and T cell responses to
optimize vaccine-induced immunity. The latter might be especially
important for pediatric vaccines due to the dynamic nature of the
immune systems during neonatal and infant development.
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center B cells in axillary lymph nodes at week 34, Env-specific follicular T helper cells in axillary lymph nodes at week 34, and SIV Gag-specific peripheral blood CD8+

T cell responses at week 34.
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Supplementary Figure 1 | Assessment of Memory and GC B Cell Frequencies
by Flow Cytometry. Tissue samples were processed into single cell suspensions
and stained with surface markers prior to fixation and analysis via flow cytometry.
Only events in the R1 lymphocyte gate were recorded (Top left). Single live
lymphocytes that were negative for lineage markers CD3, CD14 and CD16 (top
right) were assessed for CD20 and CD27 expression. CD20+CD27- B (bottom
right) and CD20+CD27+ memory B (bottom left) cells were analyzed for expression
of CXCR5 (CD185).
Frontiers in Immunology | www.frontiersin.org 2052
Supplementary Figure 2 | Gating strategy for Env-specific follicular T helper
cells. Samples were cultured for 18-24 hours in the presence of vehicle DMSO
(negative control), Staphylococcal enterotoxin B (SEB) (positive control), or HIV-1
Clade C Consensus Peptide Pool and analyzed by flow cytometry for surface
expression of activation induced TFH markers. Top row: Viable CD3+ lymphocyte
events were assessed for the presence of CD4 (thick black gate). Middle row: CD4+

events were further classified as follicular T cells based on the presence of CD185
(CXCR5) and CD279 (PD-1) signal (blue gate). Activation Induced Marker (AIM) T
follicular helper cells were defined as CD134+CD137+ events (magenta gate). Env-
specific AIM TFH were calculated by normalizing the frequency against the DMSO
control samples.

Supplementary Figure 3 | Flow cytometric identification of SIV Gag-specific
CD8+ T cells. Samples were stimulated with media only (negative control), PMA/
Ionomycin (positive control) or overlapping peptides of SIV p27 Gag for 6 hours in
the presence of Brefeldin-A for the final 5 hours. Samples were stained with surface
markers and subsequently fixed, permeabilized, and subjected to intracellular
staining. Top row: viable events from the lymphocyte gate were assessed for CD3
and CD8. Gating for TNF-a, IFN-g, IL-2 or IL-17 is shown for each experimental
treatment. SIV Gag-specific responses were reported as the frequency of single-
stained (Boolean logic) cytokine-positive events normalized to the frequency of the
corresponding ‘media only’ control sample.

Supplementary Figure 4 | Gene expression analysis of Group 1 and Group 2
prior and post vaccination. Panel A: Principal component plot of PC1 and PC2
mRNA data of D0 samples from Group 1 (red circles) and Group 2 (blue circles).
Image was generated using Clustviz.

Supplementary Figure 5 | Interaction network of differentially expressed genes.
The network was created in Cytoscape as degree-directed layout using the Human
String Protein Database. Interactions between the individual proteins are indicated
by connecting lines. Note that for the D1 DEG LILAR3, ARG2, CD82, DDIT3,
GP1BB, and HLA-DMA no interactions were identified.

Supplementary Figure 6 | Distribution of unadjusted p-values from two-sided
tests for Spearman correlations. (A, B) show the distribution of unadjusted p-values
from two-sided tests for Spearman correlations (Ha: rho ≠ 0) between differentially
regulated transcripts and (A) humoral (Env-specific plasma IgG, ADCC, and
neutralizing antibody responses; total tests: n=661) or (B) cellular (memory B and
germinal center B cells, TFH cells, and HIV Env- and SIV Gag-specific CD8+ T-cells;
total tests: n=366) immune responses. Unadjusted p values in 0.05 increments are
listed on the x-axis. The y-axis lists the percentage of unadjusted p values falling into
the range of each increment. The number on top of each bar represents the
absolute number of tests within each p value range. The dashed line indicates the
expected percentage if correlations were randomly distributed.

Supplementary Figure 7 | Potential interactions between day 1 induced genes
and specific signaling pathways. Genes that were increased on D1 and correlated
to vaccine-induced antibody responses were entered into NetworkAnalyst to
assemble a network based on the String v11 Human Interactome. Major hubs
(nodes) are indicated by red and orange circles. Predicted interactions between the
genes are indicated by edges (black lines), with dark blue circles symbolizing
predicted interaction partners. In Panels A and B genes that are part of the KEGG B
cell receptor or the TLR7/8 signaling pathway, respectively, are represented by light
blue circles.
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Most children are less severely affected by coronavirus-induced disease 2019 (COVID-19)
than adults, and thus more difficult to study progressively. Here, we provide a neonatal
nonhuman primate (NHP) deep analysis of early immune responses to severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in blood and mucosal
tissues. In addition, we provide a comparison with SARS-CoV-2-infected adult NHP.
Infection of the neonate resulted in a mild disease compared with adult NHPs that
develop, in most cases, moderate lung lesions. In concomitance with the viral RNA load
increase, we observed the development of an early innate response in the blood, as
demonstrated by RNA sequencing, flow cytometry, and cytokine longitudinal data
analyses. This response included the presence of an antiviral type-I IFN gene signature,
a persistent and lasting NKT cell population, a balanced peripheral and mucosal IFN-g/IL-
10 cytokine response, and an increase in B cells that was accompanied with anti-SARS-
CoV-2 antibody response. Viral kinetics and immune responses coincided with changes in
the microbiota profile composition in the pharyngeal and rectal mucosae. In the mother,
viral RNA loads were close to the quantification limit, despite the very close contact with
SARS-CoV-2-exposed neonate. This pilot study demonstrates that neonatal NHPs are a
relevant model for pediatric SARS-CoV-2 infection, permitting insights into the early steps
of anti-SARS-CoV-2 immune responses in infants.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-
infected children are often asymptomatic or develop mild
symptoms, and thus, compared with adults, are less frequently
in need of hospitalization and show a lower mortality rate (1–5).
Dysregulated innate immune responses, such as anti-interferon
(IFN) antibodies or delayed responsiveness, have been reported
in some severe COVID-19 cases but cannot account for the
majority of severe infections (6–8). A rare and serious
postinfectious condition that can occur 2–6 weeks after SARS-
CoV-2 infection, termed pediatric inflammatory multisystem
syndrome (PIMS-TS) or multisystem inflammatory syndrome
(MIS-C), has been reported (9). Several hypotheses have been
proposed to explain why children are protected frommore severe
outcomes with COVID-19 compared with adults, although not
always conclusive. These include differences in the expression of
the angiotensin-converting enzyme 2 (ACE2) receptor resulting
in lower viral RNA loads (10–12), the presence of antibodies to
common cold coronaviruses that might provide partial
protection (6, 7), and a robust innate response early in the
course of infection (8, 13–16). This latter explanation seems
more robust and would clarify why children are less affected by
COVID-19 (12), but further investigations are needed to fully
support this.

Longitudinal data from early viral and immunological events
following SARS-CoV-2 infection of children are difficult to
obtain, and the reason is often linked to symptoms onset that
go unnoticed in this population (1–4). Moreover, concomitant
sample collection from the blood, lungs, and gastrointestinal
compartments where the virus can be found, is difficult to
perform in humans. Thus, the use of a preclinical pediatric
model is valuable in this context. Several animal species were
evaluated as models of initial SARS-CoV and MERS-CoV
human diseases and while most laboratory animals, including
mice, hamsters, ferrets, and nonhuman primates (NHP), could
be productively infected, only a few species displayed overt
clinical disease without requirement of adaptation of viral
strains to the animals (17). Macaques have been shown to be
reproducibly susceptible to infection to coronaviruses affecting
humans and develop acute respiratory syndrome recapitulating
the disease (18–26). Because of their phylogenetic proximity,
macaques share a similar organization of the immune system
with humans. Regarding SARS-CoV-2, ACE2 is expressed in
both humans and macaques, with similar distribution and
functionalities (13, 19). In recent studies, we have shown that
adult cynomolgus macaques reliably develop infection upon
intranasal and intratracheal exposure, and mild to moderate
lesions were observed in the lungs during the first-week
postchallenge, similar to human cases (27, 28).

Here, we describe an experimental SARS-CoV-2 infection in
neonate NHP in which we longitudinally studied for 2 months
viral kinetics, innate and adaptive immune responses, and
microbiota profiles in different compartments, including blood,
nasal, oropharyngeal, gastrointestinal, ocular, and vaginal sites.
The neonate developed an asymptomatic infection, while its
unexposed breastfeeding mother exhibited a low viral RNA
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load close to the quantification limit, despite their very close
contact. Peak viral load in the neonate correlates with the
development of an early innate immune response with an IFN
gene signature, as demonstrated by RNA sequencing, flow
cytometry, and cytokine longitudinal data analyses. Viral
kinetics and immune responses correlate with changes in the
microbiota profile composition in the oropharyngeal and rectal
mucosae. Altogether, these findings support the use of neonate
NHP as a suitable model to get insights into early pathogenic
mechanisms of the human pediatric SARS-CoV-2 infection.
MATERIALS AND METHODS

Animals
A healthy pregnant female rhesus macaque (Macaca mulatta), 6
years old with a body weight of 6 kg, was imported from the
Station de Primatologie (CNRS, Rousset-sur-Arc, France).
Pregnancy was monitored until vaginal delivery of a full-term
healthy female neonate. No complications were noted during
delivery or subsequent breastfeeding. Seven adult female rhesus
macaques (Hartelust, Tilburg, Netherlands), from three different
studies conducted in our laboratory, aged 4–5 years old with a
body weight of 5–7 kg, were also used in this study.

All animals were housed in the BSL3 facilities of the Infectious
DiseaseModels and Innovative Therapies (IDMIT) infrastructure
(CEA, Fontenay-aux-Roses, France). CEA complies with French
national regulation (facilities authorization number #D92-032-
02), the European Directive 2010/63/EU, and the Standards for
Human Care and Use of Laboratory Animals (OLAW animal
welfare assurance number #A5826-01, United States). The study
was approved by the local ethical committee (CEtEA#44) and the
French Research, Innovation and Education Ministry under
registration number APAFIS #24434-20200030216532863 V3.

For all procedures, the mother was sedated with ketamine
(Imalgene 1000, 10 mg/kg, Rhône-Mérieux, France)/medetomidine
(Domitor, 0.5mg/kg, Vetoquinol, France) to access the neonate. The
neonate was either sedated for imaging or blood collection or
restrained for fluid collection, the neonate was anesthetized with
ketamine (5 mg/kg) andmedetomidine (0.5 mg/kg). Anesthesia was
reversed with atipamezole 2.5 mg/kg (Antisedan®, Vetoquinol,
France) first in the neonate until fully awaken, then in the mother.
Bothweremonitoreduntil complete recoveryand total reattachment.
Adult females were anesthetized following the same procedure. The
volume of blood sampling perweek for both the neonate andmother
was performed according to ethics and protocols.

Study Design and Clinical Follow-Up
The longitudinal follow-ups are summarized in Figure 1 and
Supplementary Table S1 for the neonate/mother pair and adult
females, respectively.Animalswere observed 7days aweek, andany
abnormal behaviorwas reported in a specific individualfile. Clinical
examination, body weight, rectal temperature, oxygen saturation,
and respiratory and heart rates were recorded at each bleeding.
Blood and biological fluids (nasal, vaginal, rectal, oropharyngeal,
and tears) were collected for the neonate/mother pair at day
postinfection (DPI) −7, 0, 2, 4, 6, 8, 10, 12, 16, 21, 35, 42, 49, and
May 2022 | Volume 13 | Article 855230

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Fovet et al. Immunity to SARS-CoV-2 in Neonate NHP
56. To limit collected blood volume and frequency of sedation, the
neonate was not anesthetized nor bled at DPI 4, 8, 10, and 16. Only
fluids were sampled under restraint at these time points.
Bronchoalveolar lavages were performed on the mother at DPI
−7, 6, 12, and 21. Blood and biological fluids (nasal, rectal,
bronchoalveolar lavages) were collected from adult females
according to the schedule of their respective studies and described
in Supplementary Table S1. Complete blood count was
determined using an HMX A/L analyzer (Beckman Coulter,
USA) and biochemical parameters (C-reactive protein,
haptoglobin, creatinine, urea, alanine–aspartate–aminotransferase
(ASAT/ALAT), lactate dehydrogenase (LDH), troponin I, and total
proteins) were assessed using an ADVIA1800 analyzer (Siemens).
After 2 months, the neonate was euthanized with an intravenous
administration of 180 mg/kg of sodium pentobarbital (Dolethal,
Vetoquinol, France) under anesthesia.

SARS-CoV-2 Virus and Infection
SARS-CoV-2 virus (hCoV-19/France/lDF0372/2020 strain,
passaged twice in Vero E6 cells) was provided by the National
Reference Centre for Respiratory Viruses (Institut Pasteur) as
previously described (23). Neonate macaque was inoculated 14
days after birth with 1.1 × 106 plaque-forming units (PFU) of
SARS-CoV-2 and adult females with 1 × 105, 1 × 106, or 1 × 107

(see Supplementary Table S1) through a combination of
intranasal and intratracheal routes after a premedication of
atropine sulfate 0.04 mg kg−1 (Aguettant, France) and under
anesthesia. The challenge took place under a class II biological
safety cabinet with the animal placed in a supine position.

Virus preparation was applied slowly into each nostril (50 or
250 µl each for neonates and adults, respectively) using a 100-µl
Frontiers in Immunology | www.frontiersin.org 357
micropipette. The nostrils were slowly massaged for 1 min. After
nasal exposure using a laryngoscope to visualize the epiglottis and
larynx, a 1-mm diameter bladder catheter (neonate, ref#706537,
Coveto, France) or a 3.5-mm diameter endotracheal probe (adults,
ref#647587, Coveto, France) was introduced and stopped before
the carina, then connected to a 1-ml syringe to apply the virus into
the trachea (450 µl or 4.5 ml for neonate and adults, respectively).
A 1-ml syringe of air was injected inside the probe to make sure
that all virus preparation was injected. The animal’s face was
wiped to clean off any residual virus. Oxygen saturation and heart
rate were monitored for 10 min after inoculation. Anesthesia was
reversed first in the neonate, then in the mother, as
described above.

Chest CT In Vivo Imaging
Chest computed tomography (CT) scans were performed on
neonate and mother at DPI −7, 2, 6, 12, 21, and 56, as described
in Figure 1. All imaging acquisitions were performed on a CT
system (Vereos-Ingenuity, Philips) as previously described (27–30).
CT scans were performed using the following parameters: CT
detector collimation of 64 × 0.6 mm, tube voltage of 80 kV
(neonate) or 120 kV (mother and adult animals), and intensity of
about 350 mAs (neonate) or 150 mAs (mother and adult animals),
1.25-mm slice sickness, and 0.25-pixel spacing. Animals were
placed in a supine position with thermal support (Bear Hugger,
3M) on the machine bed with heart rate, oxygen saturation, and
temperature monitoring. Pulmonary lesions were defined as
ground-glass opacity, crazy-paving pattern, or consolidation as
previously described (29, 30). Lesion features detected by CT
imaging were blindly assessed by two persons independently, and
final CT score results were reached by consensus.
FIGURE 1 | Study design and workflow. A female rhesus macaque neonate was exposed at 14 days of life to a total dose of 1.1 × 106 PFU of SARS-CoV-2 by the
intranasal and intratracheal routes. Symbols: blood tube for bleeding; lungs for bronchoalveolar lavage; scan machine for CT session; swab for biological fluid
collection (nasal, oropharyngeal, vaginal, rectal, and tears). Samples were collected at day postinfection (DPI) −7, 0, 2, 4, 6, 8, 10, 12, 16, 21, 35, 42, 49, and 56.
Analysis of peripheral blood and fluids included viral RNA load kinetics and chemokine/cytokine quantification. Microbiota identification was done in every fluid
compartment. Antibody profiling, RNA-seq analyses, and flow cytometry were also performed in blood. Created with BioRender.com.
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Viral Quantification
Viral RNA loads were assessed for both mother and neonate in
nasal, oropharyngeal, vaginal, and rectal fluids, tears, and
maternal bronchoalveolar lavages by RT-qPCR with a plasmid
standard concentration range containing an RdRp gene
fragment, including the RdRp-IP4 RT-PCR target sequence.
Viral RNA loads in adult females were determined in nasal,
rectal, and bronchoalveolar lavage fluids when available (see
Supplementary Table S1), following the same procedure. The
protocol describing the procedure for the detection of SARS-
CoV-2 is available on the WHO website (https://www.who.int/
docs/default-source/coronaviruse/real-time-rt-pcr-assays-for-
the-detection-of-sars-cov-2-institut-pasteur-paris.pdf?sfvrsn=
3662fcb6_2). The limit of detection was estimated at 2.37 log10
copies/ml, and the limit of quantification was estimated at 3.37
log10 copies/ml.

Lentiviral Vector-Based SARS-CoV-2
Neutralization Assay
Plasmid pSpike-C3 expressing the codon-optimized SARS-CoV-
2 Spike protein open reading frame (ORF) (GenBank:
NC_045512.2) containing a 21-amino acid deletion at the
cytoplasmic tail (delta21) of Spike protein was previously
described (31). The Lenti-X 293T human embryonic kidney
cell line (Clontech, Mountain View, CA, USA) was used for
the production of LV-Luc pseudotyped with Wuhan-Hu-1 Spike
by transient transfection. LV-Luc preparations were titered on
VeroE6 cells (African green monkeys, epithelial kidney), and
dilutions providing 150,000–200,000 relative luciferase units
(RLU) were used in the neutralization assay. Briefly, heat-
inactivated serum serial 3-fold dilutions starting from the 1/40
dilution for the adult macaque and 1/20 for the neonate were
incubated in duplicate with the LV-Luc for 30 min at 37°C in 96-
well plates and thereafter added to VeroE6 cells at a density of
20,000 cells/well. After 48 h, luciferase expression was
determined with a luciferase assay system (Bright-Glo,
Promega) and measured in a Mithras luminometer (Berthold,
Germany). The 50% inhibitory serum dilution (ID50) was
calculated with a linear interpolation method using the mean
of the duplicates (32). Neutralization was expressed as the
reciprocal of the serum dilution giving 50% inhibition of RLU
compared with the mean of the virus control wells. An ID50
below the lowest serum dilution used was considered negative.

IgG-Binding Antibody Luciferase
Immunoprecipitation System Assay
Using luciferase immunoprecipitation system (LIPS) (33), we
measured IgG binding to recombinant nanoluciferase-tagged
antigens corresponding to SARS-CoV-2 Wuhan-Hu-1 spike
RBD domains, as previously described (34). Viral sequences
used in this study corresponded to the deposited sequence
Genebank NC_045512.2 for SARS-CoV-2 Wuhan. Briefly, we
cloned recombinant nanoluciferase-tagged antigens and
expressed them by transient transfection into Expi293F™ cells
(Expi293™ Expression System, ThermoFisher Scientific Life
Technologies, Carlsbad, CA, USA). For LIPS, we incubated in
Frontiers in Immunology | www.frontiersin.org 458
liquid phase each antigen with test serum (1 µl) for 2 h and then
captured immune complexes with rProtein A-sepharose. After
washing (5 times) the sepharose pellets, we quantified bound IgG
by measuring the recovered luciferase activity in a Berthold
Centro XS3 luminometer (Berthold Technologies GmbH & Co.
KG, Bad Wildbad, Germany) using the MikroWin version 5.22
software. We then converted raw data into arbitrary units (AU),
using a local positive index serum for SARS-CoV-2-
specific antibodies.

Flow Cytometry
Immune profiling analysis was performed on fresh heparin–
lithium whole blood by flow cytometry. Two antibody panels
(myeloid/lymphoid) were established, using for each one 20 or
50 µl of blood from the neonates and the adults, respectively.
Staining was performed with Blue-Vid for cell viability
(Invitrogen) and anti-human antibodies that cross-react with
NHP antigens, including CD45, CD3, CD4, CD95, CD69, HLA-
DR (Becton Dickinson), CD8 (Miltenyi, Germany), and CD20
(Fisher Scientific). After two washes, erythrocytes were lysed and
PBMCs were fixed (paraformaldehyde (PFA)) before acquisition
with an LSRII flow cytometer (BD Bioscience, USA). Analyses
were performed using FlowJo software (version 10.7.1; Treestar
Inc., CA, USA).

Cytokines Analyses
Cytokine quantification (25 ml/sample) was performed for
neonate and its mother in serum and fluids (nasal,
oropharyngeal, rectal, and vaginal) and in the serum of adult
females with the Milliplex MAP kit for nonhuman primates,
which is based on Luminex® xMAP multiplex technology for the
detection of 23 cytokines: G-CSF, GM-CSF, IFNg, IL-1b, IL-1Ra,
IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12/23, IL-13, IL-15, IL-17A,
MCP-1, MIP-1a, MIP-1b, sCD40L, TGF-a, VEGF, and IL-18,
according to manufacturer’s instructions.

RNA Sequencing
Frozen whole blood Tempus samples were processed for RNA
extraction using Tempus Spin RNA Isolation Kit (Applied
Biosystems, USA). RNA was then concentrated using RNA
Clean XP beads (Beckman Coulter, USA). RNA was quantified
using QuBit (ThermoFisher), and a quality check was performed
on the Agilent TapeStation system. A total of 100 ng of RNA
per sample was denatured at 65°C and retrotranscribed by a
strand-switching technique using Maxima H Minus Reverse
Transcriptase (ThermoFisher, USA) to synthesize a double-
stranded cDNA. PCR, barcode, and adapter attachment were
performed according to SQL-PCB109 cDNA-PCR Sequencing
Kit (Oxford Nanopore Technologies, Oxford, UK). Samples
were quantified using QuBit dsDNA HS (ThermoFisher,
USA) kit before loading on R9.4.1 Flow cells using the
GridION instrument.

Transcriptome Analysis
Sequence reads were converted into FASTQ files. Reads under
100 bp or with a quality score under seven were discarded. The
remaining reads were aligned on the Macaca mulatta
May 2022 | Volume 13 | Article 855230
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transcriptome of reference (GeneBank assembly accession
number GCA_003339765.3) using minimap2 (35) version 2.17.
To quantify transcripts, the resulting alignments were given to
Salmon version 1.4.0 (36). To explore single replicates, samples
were duplicated to use DESeq2 version 1.32.0 (37).

We performed a gene set enrichment analysis with both
upregulated and downregulated genes Log2FC>2 or Log2FC<2,
respectively, using Enrichr, a web server enrichment analysis tool
(38–40), and BioPlanet 2019 database for cellular and signaling
pathway analysis (41). To determine the type-I IFN protein-
protein association network and identify a type-I IFN signature
for innate response at DPI 2, we used the STRING database, a
web resource of known and predicted gene-gene or protein-
protein interactions (https://string-db.org/). The network
predicts associations for a particular gene dataset (42). More
lines between the nodes, more types of evidence found in
the interaction.

Of note, since differential expression with DESeq2 version
1.32.0 (37) requires at least two biological replicates for each
condition, which was not possible for this part of the study, the
samples were artificially duplicated for further analysis. The
differentially expressed genes were thus, considered
exploratory. Nevertheless, the several longitudinal time points
available enabled us to analyze and interpret the data by
comparison with the literature.

Microbiota Sequencing
DNA from the oropharyngeal, rectal, and vaginal swabs were
extracted using the PowerFecal DNA Pro Kit (Qiagen®,
Germany) following the manufacturers’ instructions. Purified
DNA was quantified using a QuBit fluorometer. Samples were
concentrated with the magnetic AMPure XP beads (Beckman
Coulter) and stored at −20°C until use.

Sequencing of the V3–V4 region of the 16S rRNA gene
was performed using the 16S Metagenomic Sequencing
Library Preparation protocol for MiSeq System (Illumina).
Briefly, 16S rRNA V3–V4 regions were amplified using
5′ CCTACGGGNGGCWGCAG and 5′ GACTACHVGGG
TATCTAATCC primers with overhanging adapters. Amplicons
were purified to remove free or dimerized primers with the
AMPure XP beads (Beckman Coulter). Dual Indexes and Illumina
sequencing adapters were attached using TrueSeq Index Plate
(Illumina). Samples were quantified using QuBit, and a 4nM
library was denatured. PhiX library was integrated as an internal
control. The library was sequenced using the MiSeq
device (Illumina).

Metagenomics Sequencing Data
Processing and Taxonomic Assignation
FASTQ sequences were processed using the Find Rapidly OTU
with Galaxy Solution (FROGS) pipeline (43) implemented on a
galaxy instance (http://migale.jouy.inra.fr/galaxy/). Bacterial 16S
rRNA-matched readings were merged with a maximum rate of
0.1 mismatches in the overlapping region using Vsearch (44).
Each of the samples was a unique time point; thus, after
dereplication, the clusterization step ran with an aggregation
distance equal to 1 (maximum number of differences between all
Frontiers in Immunology | www.frontiersin.org 559
of our sequences), and thus denoising was not needed. Chimeras
were removed using Vsearch, and 99% of the total sequence
abundance was kept. OTUs with less than 0.00001% abundance
were filtered out. Finally, taxonomic affiliation was performed
using SILVA 138 pintail 100 databases. Data normalization was
performed to the lowest sequencing depth using both mother
and neonate reads.

Statistical Analysis
We used GraphPad Prism 8.0.2 software to analyze viral and
immunological data as well as microbiota OTUs and bacterial
abundance and cytokine quantification. The mean value of
normalized read counts was calculated for each taxon. Taxa
having less than 1% of relative mean abundance were assigned to
the category “Others”. All relative mean abundances are
represented in cumulative histograms. For correlations between
cytokines, viral RNA load, and microbiota, a nonparametric test
of Spearman was performed, heatmaps were generated based on
the obtained R correlation factors, and one or more (*) are shown
according to the p-value indicated in the figure legends.
Percentages of cell populations from flow cytometry analyses
and cytokines were expressed as a fold change from the baseline
at DPI −7 for each time point. The log of fold change was
indicated in the figures when applied.
RESULTS

Clinical Parameters
After infection, the neonate exhibited asymptomatic clinical
signs and had no major changes in temperature, oxygen
saturation, respiratory rate, and heart rate (Supplementary
Figure S1A). The newborn weighed around 450 g at birth and
gained weight throughout the study, consistent with expected
standards (45) (Supplementary Figure S1B).

As previously reported (46), we observed elevated levels of
creatinine, ASAT, and LDH at baseline, followed by a
physiological decrease as early as the second week of life.
Interestingly, we detected an increase in the ASAT and LDH
levels at DPI 2 in the neonate (Supplementary Figure S1C).

No variations in the different leukocyte subpopulations, red
blood cells, and hemoglobin were observed (Supplementary
Figure S2A). The mother showed lymphocytosis and neutropenia
at DPI 2, probably due to the stress of the manipulations.

Overall, this follow-up of clinical monitoring showed normal
myeloid and lymphoid cell population counts at different time
points in the neonate and the mother. As expected, we observed
an inverse lymphocyte to neutrophil count ratio between neonate
and adult blood that started to normalize at 10 weeks of life (47)
(Supplementary Figure S2B).

As for the infected adult females, we did not see any symptoms
nor variation in the clinical parameters (Supplementary Figure
S3A). However, we did observe signs of inflammation through
increased levels of hepatic transaminases and C-reactive protein
(CRP) throughout their follow-up, and a transient lymphopenia
at DPI 2 (Supplementary Figures S3B, S4, respectively).
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https://string-db.org/
http://migale.jouy.inra.fr/galaxy/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Fovet et al. Immunity to SARS-CoV-2 in Neonate NHP
SARS-CoV-2 Neonate Infection
and Follow-Up
The neonate had a high viral RNA load, i.e., 7 × log10 copies/ml
as early as DPI 2 in the oropharyngeal samples, as evaluated by
RT-qPCR genomic viral RNA. The viral RNA load
progressively decreased to undetectable levels from DPI 10
and remained undetectable until the end of the follow-up.
The virus was also detected in the neonate’s rectal fluids with
higher levels than those of adults (Figure 2A). In nasal fluids,
the viral RNA load peaked at almost 5 × log10 copies/ml. Adult
animals, displaying no differences between virus doses tested
(Supplementary Figure S5), showed similar viral RNA load
kinetics in nasal fluids, although at a higher level (Figure 2A).
The anatomical differences between adults and newborns might
explain the variation in viral RNA load detection, given that we
barely entered the nostril in the newborn while we reached the
nasal turbinates in adults. Finally, in vaginal fluids and the
tears, the viral RNA load was lower than in oropharyngeal and
rectal fluids, peaking at almost 5 and 4 × log10 copies/ml,
respectively (Figure 2A).

To exclude a potential transmission of infection from the
neonate to the mother, we tested her virus load. Only tears and
vaginal fluids showed a minimal positive signal above the
detection limit, while no virus was detected above the
detection limit in the oropharyngeal, nasal, rectal, or
bronchoalveolar space compartments (Figure 2A).

Overall, these data indicate that the newborn was infected in
the respiratory tract. As for the potential infection of the
digestive tract, we observed a high rectal viral RNA load that
persisted over time with a slower clearance compared with
adults. Whether it is the result of the swallowing of viral
particles that replicated in the throat or an active infection of
SARS-CoV-2 in the gastrointestinal tract needs to be
confirmed. As for the mother, despite the close contact with
the baby, especially during breastfeeding, we did not detect the
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presence of SARS-CoV-2 by RT-qPCR above the detection
limit in the respiratory or intestinal tracts (Figure 2A).

We next assessed the kinetics of antibodies to SARS-CoV-2.
We used the lentiviral vector-based SARS-CoV-2 neutralization
assay and the LIPS assays to profile the antibody response to
spike antigen of SARS-CoV-2 Wuhan-Hu-1. IgG to RBD and
neutralizing antibody to SARS-CoV-2 were negative at baseline
DPI −7 and DPI 2 in the neonate, while the sera from DPI 35
onwards showed a gradual increase (Figure 2B). In agreement
with the low to undetectable viral RNA load assessed by RT-
qPCR, no antibody response was detected in the maternal
serum samples.

To characterize lung lesions, we used in vivo imaging at
crucial time points postinfection. No pulmonary changes were
observed in the neonate’s lungs, as evidenced by the CT scan
(Figure 2C, left image), compared with what can be found in
the adult’s lungs (right images) at DPI 2 and DPI 6. SARS-CoV-
2-infected adult animals that developed a mild infection after
virus inoculation showed ground-glass opacities by CT scan
(Figure 2C, right panel and blue arrows), especially in the
dorsal area of the middle and lower lobes. No lesions were
observed in the mother.

In addition to RT-qPCR and CT scans that showed the
presence of virus and signs of infection, respectively, we sought
to use RNA-sequencing data analysis to reveal the presence of
host responding genes to COVID-19 in longitudinal whole
blood samples in the neonate compared with the mother. First,
our analysis indicated no association and a sharp distinction
between neonate and mothers’ gene sets, as demonstrated by
the principal component analysis (PCA) (Figure 3A). Further
data analyses showed an increase in host responding genes to
SARS-CoV-2 infection at DPI 2 and DPI 6 compared with the
baseline in the neonate (Figure 3B, upper panel) but not in the
mother (Figure 3B, lower panel), adding a further level of
evidence for infection.
A B
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FIGURE 2 | Follow-up of SARS-CoV-2 infection. (A) Viral RNA load measured by RT-qPCR in the oropharyngeal, nasal, rectal, vaginal, tears, and bronchoalveolar
fluidic compartments. The blue line is for the neonate, orange line for the mother, and gray lines for adult NHPs. The limit of detection was estimated at 2.37 log10
copies/ml, and the limit of quantification was estimated at 3.37 log10 copies/ml (dotted horizontal line). (B) Line plots of RBD IgG arbitrary units (AU) and 50%
inhibitory serum dilution (ID50) against SARS-CoV-2 Wuhan-Hu-1 in sequential serum samples of the neonate. (C) Thoracic CT scan at DPI 2 (upper panel) and DPI
6 (lower panel) for neonate (left), mother (middle), and infected adult (right). Blue arrows point to ground-glass opacities.
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SARS-CoV-2-Exposed Neonate Shows an
Early Type-I IFN Response in the Blood
Using an RNA-sequencing-based approach, we aimed to reveal
the very early antiviral gene signature that emerges following
SARS-CoV-2 exposure using longitudinal neonate’s whole blood.

Using the Enrichr server and BioPlanet database, we explored
only upregulated genes in the infected neonate compared with
the baseline at DPI −7. The radar chart shows a high activation of
IFN signaling pathways (–log10(p-value)>5) at DPI 2 (peak viral
RNA load in oropharyngeal fluids) that remains significantly
high at DPI 6. As time progresses, we observe a shift in the key
biological process and molecular functions that show activation
of transcription, RNA processing, regulation, and degradation
(Figure 4A). We then focused on DPI 2, which shows a higher
IFN pathway activation. Comparing DPI 2 with DPI −7, we
found 2,110 differentially expressed genes (DEGs; fold change
>2), including 907 that were upregulated and 1,203
downregulated (Figure 4B). To follow expression level
dynamics of type-I IFN genes throughout the collected blood
samples, we then generated a heatmap plotting Log2FC
expression values at every time point (Figure 4C). Type-I IFN
gene expression levels peak at DPI 2 and were maintained at DPI
6 for most of the genes except for IFI35, IFI3, IFI2, SAMHD1,
TYK2, and IRF3 (Figure 4C). MX1 and IFIT1 were maintained
at DPI 12 and 35, unlike the other genes, which decreased at DPI
12, except for IFI35 and IRF3. Finally, we identified confident
interactions (at least 4 differently colored lines) between STAT2,
TYK2, IRF3, MX1, ISG15, IFIT1, IFIT2, IFIT3, and IFI35
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(Figure 4D), where STAT2 seems to be the key signal
transducer and the transcription activator of some IFN-
associated genes (48).

To assess the presence of gene sets related to cell markers
that identify cell populations and determine the quality of the
immune response induced after infection and throughout all
time points, we used the Enrichr/CellMarkerAugmented2021
and Appyter applications. We generated volcano plots
showing the presence and significance of each gene set (dark
blue dots, Figure 5). As shown in the figure, the presence of
natural killer T-cell (NKT) gene sets persisted at each time
point (DPI 2, 6, 12, 35, 42, 49, and 56). We also revealed the
presence of gene sets related to populations of dendritic cells
(DC), regulatory T cells (Treg), and subsets of plasmablast and
memory B cells.

Overall, these findings show the development of an early
innate response in neonate NHP coinciding with increased viral
RNA load at DPI 2.
SARS-CoV-2-Exposed Neonate
Shows a High Humoral B-Cell Response
in Whole Blood
We performed flow cytometry analyses of longitudinal whole
blood samples to study the dynamics of cell populations before
and after SARS-CoV-2 exposure of the neonate. Data from
two infected adults were used for comparison. To avoid
intrinsic differences between neonate and adult cell count
A

B

FIGURE 3 | RNA-sequencing analyses of whole blood. RNA-sequencing experiments on longitudinal whole blood samples (DPI −7, 2, 6, 12, 21, 35, 42, 49, and
56) to detect the presence of COVID-19-associated gene sets. (A) Principal component analysis (PCA) of neonate samples (blue) and mother samples (orange) show
no association between individuals where mother and neonate samples are presented. (B) Increased host-responding genes to SARS-CoV-2 infection at DPI 2 and
DPI 6 compared with the baseline at DPI −7 were observed, in the neonate (upper panel in blue) but not in the mother (lower panel in orange). SARS-CoV-2-
associated genes decrease at DPI 12 in the neonate.
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(Supplementary Figure S2B), we chose to present the results as a
fold increase from the baseline at DPI −7.

White blood cell (WBC) counts results showed no major
changes throughout the fo l low-up in the neonate
(Supplementary Figure S2A). By flow cytometry, however, we
observed a high fold increase of CD45+CD20+ B cells from the
baseline in the neonate compared with adults, which started from
DPI 6 and peaked at DPI 35 to then plateau at DPI 42 and 49
before decreasing (Figure 6). This increase coincided with B-cell
activation (CD69+CD20+ cells peak at DPI 6 and 10; Figure 6) and
an increase of SARS-CoV-2 RBD binding IgG and neutralizing
antibodies (starting at DPI 35, Figure 2C). This increase also
coincided with enrichment in B-cell populations starting fromDPI
12 and onwards, as shown by RNA-sequencing data (Figure 5).
Our data are in line with previous studies showing the presence of
specific plasmablast B cells as well as neutralizing antibodies in
children with low viral RNA load 1 week after disease onset (49).
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Our results show an increase in humoral B-cell responses in the
blood of SARS-CoV-2-exposed neonates.
SARS-CoV-2-Exposed Neonate
Shows Longitudinal Cytokine Changes
in Whole Blood, Oropharyngeal, and
Rectal Mucosae
Local and systemic innate and adaptive responses were
monitored by measuring cytokine concentration in
oropharyngeal and rectal fluids, as well as in peripheral blood
from the infected neonate at all time points (Supplementary
Table S2).

In the oropharyngeal compartment, IL-1Ra, IL-8, VEGF, MCP-
1, and TNF-a were increased at DPI 2. As for flow cytometry, the
results are presented as a fold increase from the baseline at DPI −7.
VEGF and TNF-a levels were relatively weak and transient, whereas
May 2022 | Volume 13 | Article 85523
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FIGURE 4 | Interferon signature at DPI 2. RNA-sequencing analysis of neonate whole blood. (A) Radar chart of upregulated genes at the infected time points and
their associated activation pathways. (B) MA plot of DPI 2 showing 2,110 differentially expressed genes in green, with 907 upregulated and 1,203 downregulated
genes. (C) Heatmap showing the gene-expression level of type-I IFN signature genes at different time points. White crossed rectangles are for no gene-expression
changes between corresponding time points. (D) The STRING network inference for type-I IFN-associated genes at DPI2.
0
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IL-1Ra, IL-8, and MCP-1 levels were high and were maintained at
different time points following infection (Figure 7A;
Supplementary Table S2). IL-1Ra, IL-8, and VEGF were
positively and significantly correlated with the oropharyngeal viral
RNA load (Figure 7B), as shown by the overlay of synchronized
curve kinetics before and after infection (Figure 7C).

In the blood, we observed increased levels of IFN-g, IL-2, IL-5,
IL-10, IL-13, IL-15, TNF-a, IL-1Ra, IL-8, IL-12/23, IL-18, MIP-
1a, VEGF, and G-CSF with a peak at DPI 2, whereas IL-5 peaked
at DPI 6, VEGF and G-CSF remained elevated during the whole
follow-up (Figure 8A; Supplementary Table S2). Compared
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with the adult control group, the main differences we observed in
the neonate were high levels of MCP-1 and IL-8 at baseline and
high levels of IL-10 at DPI 2 in the neonate but not in the adults,
with only a slight increase at DPI 13 in one animal
(Supplementary Figure S6).

Unlike the mucosae sites, no blood samples were available at
DPI 10, 12, 16, and 21 for cytokine analyses. IL-10, IL-13, IL-15,
TNF-a, IFN-g, IL-1Ra, VEGF, and G-CSF were positively and
significantly correlated with the oropharyngeal viral RNA load
(Figure 8B). As shown in Figure 8C, the peak of cytokine levels in
blood matched with the peak of oropharyngeal viral RNA load.
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FIGURE 5 | Volcano plots for augmented cell-populations following infection. RNA-sequencing of whole blood cell-populations at each time-point compared to
baseline (DPI − 7) (analyses using Enrichr/CellMarkerAugmented2021 and Appyter applications). Each volcano plot shows the significance of each gene-set (dark
blue dots). x-Axis measures the odds ratio (0, inf) calculated for the gene-set, while the y-axis gives the –log10(p-value) of the gene set. Larger blue points represent
significant terms (p-value < 0.05); smaller gray points represent non-significant terms. The darker the blue color of a point, the more significant it is.
A B

FIGURE 6 | Flow cytometry analyses for longitudinal B cell immune response following infection. Fold-changes from the baseline are shown for each cell population.
The neonate is shown in blue line whereas adults (n=2) are shown in grey lines. (A) Gating strategy for B cell subsets. (B) CD45+CD20+B cells and activated
CD69+CD20+B cell fold change from the baseline. The dashed line represents the baseline (Fold change 1).
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In the rectal mucosa, levels of IFN-g, IL-10, and IL-12/IL-23
increased at DPI 2 and were maintained at DPI 4 and DPI 6,
whereas IL-4, IL-13, IL-15, TNF-a, IL-18, VEGF, and G-CSF had
intermediate levels and returned to baseline level after DPI 6
(Figure 9A; Supplementary Table S2). In contrast to blood and
oropharyngeal cytokines, there was no correlation between rectal
cytokines and rectal viral RNA load (Figure 9B). However, we
observed a positive and significant correlation in rectal cytokines
with oropharyngeal viral RNA load (Figure 9B). The peak of
cytokine levels in rectal mucosa matched with the peak of
oropharyngeal viral RNA load (Figure 9C). Overall, our results
show the presence of an early cytokine increase in the blood,
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oropharyngeal, and rectal mucosae compartments following
SARS-CoV-2 infection.

Microbiota Composition Changes in
Oropharyngeal and Rectal Mucosae
Following SARS-CoV-2 Infection
We assessed microbiota composition in the oropharyngeal and
rectal compartments of the neonate using the V3–V4 16S
sequencing. In the oropharyngeal microbiota, the three dominant
phyla found were Firmicutes, Proteobacteria, and Bacteroides.
Seventeen genera were present at more than 1% of relative
abundance throughout the follow-up (Figure 10A). The
A B C

FIGURE 7 | Cytokine analyses in the neonate oropharyngeal compartment. (A) Heatmap for the evolution of cytokines over time (in the log of fold change from the
baseline). Variations are shown on a blue scale. Basal concentrations (pg/ml) are shown on the left side of the heatmap. Highlighted yellow values correspond to the
detection threshold. (B) Spearman correlation analysis between SARS-CoV-2 viral RNA load in the oropharyngeal compartment and the kinetics of cytokines in the
same compartment was performed. The obtained correlation factors, which have been determined on the whole kinetics, are shown on the heatmap with a red to
green scale. *p < 0.04 and **p < 0.003. (C) Graph overlapping the kinetics of the cytokines in the log of fold change (left scale) with the oropharyngeal viral RNA load
on the logarithmic scale (right scale).
A B C

FIGURE 8 | Cytokine analyses in the neonate blood. (A) Heatmap representing the evolution of cytokines over time (in the log of fold change from the baseline).
Variations are shown on a blue scale. Basal concentrations (pg/ml) are shown on the left side of the heatmap. Highlighted yellow values correspond to the detection
threshold. (B) Spearman correlation analysis between SARS-CoV-2 viral RNA load in the oropharyngeal compartment neonate and the kinetics of cytokines in the
blood. Correlation factors determined on the whole kinetics are shown on the heatmap with a red to green scale. *p < 0.03. (C) Graphs overlapping the kinetics of
the blood cytokines in the log of fold change (left scale) with the oropharyngeal viral RNA load on the logarithmic scale (right scale).
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oropharyngeal microbiota composition was similar throughout the
follow-up, except at DPI 12 where Streptococcus and Veillonella
genus decreased and Bacilli class increased. However, those changes
seemed to be independent of the SARS-CoV-2 infection
(Figure 10A). During the follow-up, some fluctuations were
observed in the phylum Actinobacteriota and the genus
Frontiers in Immunology | www.frontiersin.org May 2022 | Volume 13 | Article 8552301165
Haemophilus that correlated positively and negatively, respectively,
with the oropharyngeal viral RNA load (Figures 10B–D).

In the rectal microbiota, the three dominant phyla varied over
time (Figure 11A). In fact, at baseline (DPI −7), the rectal
microbiota was dominated by Firmicutes, Bacteroidetes, and
Proteobacteria, but during infection (detectable viral RNA
A B C

FIGURE 9 | Cytokine analyses in the neonate rectal compartment. (A) Heatmap representing the evolution of cytokines over time (in the log of fold-change
from the baseline). Variations are shown on a blue scale. Basal concentrations are shown on the left side of the heatmap. Highlighted yellow values correspond
to the detection threshold. (B) Spearman correlation analysis between SARS-CoV-2 viral RNA load in the rectal (left) or oropharyngeal (right) compartment and
the kinetics of cytokines in the rectal compartment. Correlation factors determined on the whole kinetics are shown on the heatmap with a red to green scale.
*p < 0.03*; **p < 0.008; ***p = 0.0006. (C) Graphs overlapping the kinetics of the rectal cytokines in the log of fold change (left scale) with the oropharyngeal and
rectal viral RNA load on the logarithmic scale (right scale).
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FIGURE 10 | Analyses of the neonate oropharyngeal microbiota composition. (A) Bar plots represent the oropharyngeal microbiota composition. Relative
abundance is represented for each time point (left scale). The red curve represents the oropharyngeal viral RNA load (logarithmic scale) of SARS-CoV-2 detected
in the neonate over time (right scale). p-Firmicutes and g_Multi-affiliation_1 correspond to c_Bacilli and p-Firmicutes; g_Multi-affiliation_2 corresponds to
o_Lactobacillales. (B) Spearman correlation analysis between the SARS-CoV-2 oropharyngeal viral RNA load and the oropharyngeal microbiota composition. On
the heatmap, the correlation factors of each phylum or genus are represented according to the oropharyngeal viral RNA load. Correlation factors are indicated
on a red to green scale. *p < 0.036. (C) Actinobacteria (phylum) relative abundance (left scale) overlapped with oropharyngeal viral RNA load on the logarithmic
scale (right scale). (D) Haemophilus (genus) relative abundance (left scale) overlapped with oropharyngeal viral RNA load on the logarithmic scale (right scale).
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load), Firmicutes, Actinobacteriota, and Bacteroidetes become the
dominant phyla (Figure 11A). After infection (back to
undetectable viral RNA load), the dominant phyla were
Campilobacterota, Firmicutes, and Bacteroidetes (Figure 11A).
At the genus level, Collinsella and Bacteroides increased during
infection, and Helicobacter and Prevotella increased after
infection (Figure 11A). Many genus or phylum variations were
significantly correlated with the rectal viral RNA load
(Figure 11B). Among the significant correlation, the
abundance of the Actinobacteriota phylum, mainly driven by
the Collinsella genus, perfectly followed the viral kinetics
(Figures 11B, C). In the Bacteroidetes phylum, three genera
were significantly correlated with rectal viral RNA load:
Alloprevotella and Bacteroides with a positive correlation and
Prevotella with a negative correlation (Figures 11B, D).
Spirochaetota variation was negatively correlated with rectal
viral RNA load variation (Figures 11B, E). These results show
that the microbiota composition of the oropharyngeal and rectal
mucosae changed in the SARS-CoV-2-exposed neonate.
DISCUSSION

Our pilot study shows that SARS-CoV-2 infection of neonates may
represent a suitable model to study early viral and immune response
dynamics, with the advantage of having a well-defined onset of an
asymptomatic infection, which is difficult to obtain in humans.
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We show an effective and asymptomatic infection of the neonate
NHP. We observed a correlation of the viral RNA load with the
development of an early (DPI 2) innate immune response,
accompanied with a balanced IL-10/IFN-g response in peripheral
and mucosal sites. Moreover, these parameters correlated with
changes in the oropharyngeal and rectal microbiota profile
composition. In the mother, viral RNA loads were low and close to
the detection limit, despite the very close contact with SARS-CoV-2-
exposed neonate, as demonstrated by RT-qPCR and RNA-
sequencing data. In infected adults, we observed a mild
asymptomatic infection with transient signs of inflammation, more
pronounced than the rapidly resolving formobserved in the neonate.

There is a debate on the fact that children are more exposed to
common cold coronaviruses and have therefore developed cross-
reactive antibodies with some ability to protect them against
SARS-CoV-2 (13, 50, 51). However, adults are also exposed and
thus should have such immunity (50). Recently, a study reported
that in adults and upon exposure to SARS-CoV-2, the influence
of pre-existing memory responses in combination with
potentially slower activation of the memory B-cell response
may contribute to a less rapid and effective antibody response.
In contrast, children, who have less-experienced humoral
immunity to seasonal coronaviruses, may mount a more
specific immune response towards antigens from SARS-CoV-2,
by inducing more targeted and Fc functional immunity against
SARS-CoV-2 antigens in comparison with adults (14). Whether
this mechanism applies here in the SARS-Cov-2-exposed
May 2022 | Volume 13 | Article 855230
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FIGURE 11 | Analyses of the neonate rectal microbiota composition. (A) Bar plots represent the rectal microbiota composition. Relative abundance is
represented for each time point (left scale). The red curve represents the rectal viral RNA load (logarithmic scale) of SARS-CoV-2 detected in neonate over time
(right scale). (B) Spearman correlation analysis between the SARS-CoV-2 rectal viral RNA load and the rectal microbiota composition. On the heatmap, the
correlation factors of each phylum or genus are represented according to the rectal viral RNA load. Correlation factors are indicated on a red to green scale.
*p < 0.03; **p < 0.001. (C) Actinobacteria (phylum) and Collinsella (genus) relative abundance (left scale) overlapped with rectal viral RNA load on the logarithmic
scale (right scale). (D) Alloprevotella, Bacteroides, and Prevotella (genus) relative abundance (left scale) overlapped with rectal viral RNA load on the logarithmic
scale (right scale). (E) Spirochaetota (phylum) relative abundance (left scale) overlapped with rectal viral RNA load on the logarithmic scale (right scale).
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neonate NHP or not is an additional question that can be
addressed in future studies. Of note, the neonate in our study
was born to a healthy mother in our clean and protected facility.

In our study, we observed an early and high fold increase of B
cells in the neonate compared with adults, which started from
DPI 6, persisted, and peaked at DPI 35 and DPI 42. The
physiological increase of B cells from 1 month described in
human neonate (16) might partly explain the observed B-cell
expansion. Nonetheless, this increase also coincided with
infection-related B-cell enrichment and activation, together
with the kinetics of the IgG to RBD and neutralizing
antibodies, though the latter were not tested throughout.
Antibody titers in the neonate NHP were lower compared with
those we previously detected in nonhospitalized COVID-19
adult patients at similar time points postinfection (31).

Furthermore, we observed the presence of gene sets related to
some cell populations, namely dendritic, B, and T cells, as assessed
by RNA sequencing of whole blood. The presence of NKT gene
sets was persistent at every time point, as shown by the volcano
plots. These cells are important as they are involved in both innate
and adaptive immunity during respiratory infections (52) and
have the capacity to not only rapidly produce some key cytokines
but also interact with B cells for prolonged antibody responses
with isotype switch and affinity maturation, and development of
long-lasting B-cell memory (53–55). We also observed an increase
in some innate and adaptive cytokines, chemokines, and growth
factors. More specifically, IFN-g but not IL-17 was highly
expressed as early as DPI 2 in the neonate’s blood, which
confirms previous data obtained in SARS-CoV-2-infected
children (13). We also found an increase in IL-10, TNF-a, IL-
1Ra, MIP-1a, and to a lesser extent, IL-5, IL-13, IL-15, IL-12/23,
IL-18, and G-CSF at DPI 2. Interestingly, this increase correlated
with the peak of oropharyngeal viral RNA load. Some of these
cytokines, i.e., IFN-g, IL-10, IL-15, IL-12/23, TNF-a, IL-1Ra, or
IL-8, concomitantly increased in rectal and oropharyngeal
mucosae, respectively. Increased blood, oropharyngeal, and
rectal cytokines correlated with oropharyngeal viral RNA load at
DPI 2. The detection of both regulatory (i.e., IL-10) and effector
(i.e., IFN-g) cytokine expression as early as DPI 2 indicates the
existence of a balanced immune response very early following
pathogen exposure. This increase of IL-10 was not observed in the
blood of adult animals, which is consistent with the tolerogenic
profile of the neonate immune system that might participate in the
control of potential excessive responses.

Importantly, by using an RNA-sequencing-based approach, we
were able to show the presence of an early innate immune
response in the infected neonate, but not the mother. In
particular, we found a strong IFN gene signature as early as DPI
2 compared with the baseline. Type-I interferon signatures
included MX1, IFI2, IFI3, IFI27, IFI44, and ISG15 key genes.
Genes’ expression was elevated and persistent over DPI 6 and even
DPI 12 for some of them. These data are in line with previous
studies from SARS-CoV-2-infected children (13, 14) and https://
doi.org/10.1101/2022.02.12.480218, and interestingly enough, also
in line with other pediatric infections such as respiratory syncytial
and influenza viruses (56).
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Although the exact mechanism leading to better and faster
disease resolution in children remains unclear, it is tempting to
suggest that the robust innate response that develops very early
following SARS-CoV-2 infection, as shown in this study and
previous reports (10, 13, 14, 57), plays a major role in rapid
disease resolution. Moreover, the presence of persistent NKT
cells very early following infection, with their maintenance at
every time point, suggests their crucial role in the early
production of cytokines such as IFN-g. This early innate
response probably led to disease resolution with no need for
mounting a high cellular response, as demonstrated by our
results on T-cell populations’ dynamics. These results should
be reproduced in a larger cohort of neonate NHP. Future studies
are underway to assess the potential role of NKT cells in early
events of SARS-CoV-2 infection in humans/children.

Given that microbiota plays an important role in shaping the
immune responses (58) and that many factors may be responsible
for variation in microbiota composition, such as food or exposure
to pathogens (59), we sought to assess microbiota composition
before and after SARS-CoV-2-neonate NHP exposure, and
determine whether we could identify virus-specific bacteria
profiles. In adult macaques and humans, SARS-CoV-2 infection
causes a transient variation in gut microbiota composition and
inflammatory profile (60, 61).

Our results showed some variations of the oropharyngeal
microbiota composition, with an increase of the Actinobacteriota
that correlated with the viral RNA load and of Haemophylus spp.
from DPI 21 to DPI 49. This increase of Haemophylus spp. was
reported in children 3 months after antibiotics treatment (62),
suggesting that it could be an indicator of dysbiosis in the
oropharyngeal microbiota of the neonate. The SARS-CoV-2
effects on the rectal microbiota composition were more
pronounced, and the number of the bacterial genus was directly
impacted by SARS-CoV-2 infection. While most genera return to
normal after infection, Helicobacter spp. stayed high. Usually, this
genus is not detected in the rectal microbiota of macaques (63),
while in humans, it was correlated with several intestinal and
hepatobiliary diseases (64). We can therefore reason that SARS-
CoV-2 infection in the neonate macaque caused dysbiosis in
oropharyngeal and rectal mucosae. The consequences of such
dysbiosis on the implementation of immunity and long-term
immunity effects should be investigated.

Our study has a few limitations. Only one neonate NHP was
studied, which was mainly due to the urgent need for rapidly
developing a pediatric SARS-CoV-2 neonate model when the
COVID-19 pandemic started (65–67). In a context of strong
pressure for SARS-CoV-2 studies on macaque supply, only one
animal was available. Consequently, a noninfected SARS-CoV-2
neonate NHP was also unavailable to compare the immune
responses and the evolution of the microbiota. Another
limitation is the lack of bronchoalveolar lavage and larger blood
samples from the neonate for further virological and extended
immunological explorations due to ethical reasons. Indeed, larger
cohorts are needed to confirm the results from this pilot study.

In summary, we have identified an early innate response in a
SARS-CoV-2-infected neonate NHP with mild disease. This
May 2022 | Volume 13 | Article 855230
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response included the presence of an antiviral type-I IFN genes
signature, a persistent and lasting NKT cell population, a
balanced peripheral and mucosal IFN-g/IL-10 cytokine
response, and a high increase in B cells that was accompanied
with anti-SARS-CoV-2 IgG response. These results suggest an
age-dependent differential immune response to SARS-CoV-2
infection will have to be confirmed in a larger number of
animals to explore the pathogenesis in children.
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The SupplementaryMaterial for this article can be found online at:
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full#supplementary-material

Supplementary Figure 1 | Clinical parameters of the neonate/mother pair. (A)
Temperature, oxygen saturation, respiratory and heart rate for the neonate (blue
line) and its mother (orange line). The horizontal dashed line(s) is for the physiological
accepted values. (B) Neonate body weight. (C) Biochemical parameters values for
ASAT/ALAT, creatinine, CRP, haptoglobin, LDH, total protein, troponin I and urea.
The vertical red dashed line indicates viral inoculation at DPI 0.

Supplementary Figure 2 | Hematological parameters of the neonate/mother
pair. (A) Hemoglobin concentration and absolute numbers of white blood cells,
neutrophils, lymphocytes, red blood cells, monocytes, eosinophils, basophils in the
neonate (blue line) and its mother (orange line). The vertical red dashed line indicates
viral inoculation at DPI 0. (B) Evolution of the leukocytes subpopulations count in the
neonate blood during the first ten weeks of life compared to adult profile.

Supplementary Figure 3 | Clinical parameters of infected adults. (A)
Temperature, oxygen saturation, respiratory and heart rate of seven adults from
three studies (pink, green and blue lines). The horizontal dashed line(s) is for the
physiological accepted values. (B) Biochemical parameters values for ASAT/ALAT,
creatinine, CRP, haptoglobin, LDH, total protein and troponin I. The horizontal
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dashed lines stand for median with standard deviations according to reference
values (68, 69). The vertical red dashed line indicates viral inoculation at DPI 0.

Supplementary Figure 4 | Hematological parameters of infected adults.
Hemoglobin concentration and absolute numbers of white blood cells, neutrophils,
lymphocytes, red blood cells, monocytes, eosinophils, basophils in adults from
three studies (pink, green and blue lines). The horizontal dashed lines stand for
median with standard deviations according to reference values (68, 69). The vertical
red dashed line indicates viral inoculation at DPI 0.

Supplementary Figure 5 | SARS-CoV-2 infection in adults. Viral RNA load
measured by RT-qPCR in the fluidic compartments. The limit of detection was
estimated at 2.37 log10 copies per ml and the limit of quantification was estimated
at 3.37 log10 copies per ml (dotted horizontal line). Macaques were included in three
studies with specific SARS-CoV-2 inoculated doses: MM1-4 received 1x105 CFU
(pink), MM5 received 1x106 CFU (green) and MM6-7 received 1x107 CFU (blue).
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Supplementary Figure 6 | Cytokine analyses in blood from infected adults.
Heatmap representing the evolution of cytokines over-time in three adults (in log of
fold-change from the baseline). Variations are shown on a blue scale. Basal
concentrations (pg/ml) are shown on the left side of the heatmap. Highlighted yellow
values correspond to the detection threshold.

Supplementary Table 1 | Individual data of infected adult rhesus macaques.
SARS-CoV-2 inoculation protocol and sampling planning for mucosal swabs and
blood collection of seven adult females. MM1-4 received 1x105 CFU and had a 28 DPI
follow-up (pink), MM5 received 1x106 CFU and had a 4 DPI follow-up (green), and
MM6-7 received 1x107 CFU with 28 DPI follow-up (blue). Samples included heparin-
lithiumblood and fluids from nasal, rectal and broncho-alveolar lavages compartments.

Supplementary Table 2 | Cytokine concentrations in the neonate compartments.
Cytokine quantification was performed in blood, oropharyngeal and rectal fluids with
the Milliplex MAP kit for NHP, based on Luminex® xMAP multiplex technology.
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Objectives: Varicella-zoster virus (VZV) can induce herpes zoster (HZ) and postherpetic
neuralgia (PHN). Immune cells play an important role in regulating HZ and PHN
pathogenesis, but the dynamic immune profiles and molecular mechanisms remain
unclear. This study aimed to screen dynamic immune signatures during HZ progression
and elucidate the mechanism of VZV-specific T cells in PHN.

Methods: We used cytometry by time-of-flight (CyTOF) to analyze peripheral blood
mononuclear cells (PBMC) samples from 45 patients with HZ and eight age-sex-matched
healthy controls, eight PHN samples and seven non-PHN samples. Correlations between
the immune subsets and clinical pain-related scores were performed. Further, the
characteristics of VZV-specific T cells between PHN and non-PHN patients were
evaluated by VZV peptide pools stimulation. The expression level of cytokines, including
granzyme B, interleukin (IL)-2, interferon (IFN)-g, and tumor necrosis factor (TNF)-a was
performed via cytometric bead array. Finally, we analyzed the alteration of Ca2+ signals in
dorsal root ganglion (DRG)-derived cells after TNF-a stimulation.

Results: We investigated the dynamic characteristics of the immune landscape of
peripheral blood samples of patients with HZ and PHN, and depicted two major
dynamic signatures in NK, CD4+ and CD8+ T subsets in patients with HZ, which
closely correlated with clinical pain-related scores. The frequency of PD-1+CD4+ T cells,
VZV-specific PD-1+CD4+ T cells, and the amount of TNF-a produced by VZV-specific T
cells were higher in patients with PHN than without PHN. Furthermore, we showed that
TNF-a could induce calcium influx in DRG-derived cells in a dose-dependent manner.

Conclusions: Our results profiled the dynamic signatures of immune cells in patients with
HZ and highlighted the important role of VZV-specific T cells in the pathogenesis of PHN.
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INTRODUCTION

Herpes zoster (HZ), often known as shingles, is caused by the
reactivation of varicella-zoster virus (VZV), a human host-
restricted a-herpes virus with a high incidence worldwide,
particularly in immunocompromised or elderly individuals (1,
2). Postherpetic neuralgia (PHN) is defined as persistent pain for
at least 3 months after HZ initiation and is the most common
and debilitating complication following HZ in approximately
20% of patients (3, 4). PHN may cause physical disability,
psychological depression, and financial burden that reduce the
quality of life of patients (5). One of the most common
syndromes for HZ and PHN is pain (6). However, current
clinical pain indicators, such as rating scales and symptom-
based questionnaires, have low sensitivity and reliability and
fail to point out the underlying pathogenesis of pain (7, 8).
Therefore, more accurate, sensitive, and objective pain indicators
are required in the clinic. In addition, current therapies for both
HZ and PHN, including anti-virus treatment, medication, nerve
blocks, and radiofrequency, have many adverse effects or limited
efficacy (9, 10). Thus, investigating the disease pathogenesis to
explore the new targets for efficient therapies of HZ and PHN is
urgent and important, which may improve the efficacy of HZ
therapy and prevent the incidence of PHN from acute HZ.

The immune system is crucial in VZV infection. Natural killer
(NK) cells and monocytes, vital components of the innate
immune system, are significantly elevated in HZ patients (11).
NK cell expansion is associated with more pronounced
inflammation during HZ (11), and monocytes produce IL-6,
IL-8, IL-12, IFN-g, and TNF-a in response to VZV infection (12,
13). Apart from the innate immune system, adaptive immunity,
especially T cell-mediated response, plays a definitive role in host
defense against VZV infection. T cell xenografts in severe
combined immunodeficiency (SCID) mice in vivo or tonsil T
cells in vitro have validated that T cells can be infected with VZV.
Furthermore, VZV-infected T cells are fully permissive to VZV
replication and release (10, 14). The VZV-infected T cells
predominantly display CD69+CD45RA-, an activation and
memory phenotype (14). Part of them also express cutaneous
leukocyte antigen and chemokine receptor 4 (CCR4), which
enhances the skin homing ability of VZV-infected T cells and
promotes VZV dissemination to the cutaneous site of replication
(14). Moreover, VZV infection inhibits the IFN-g production of
VZV-specific CD8+ T cells by upregulating the expression of
immunoinhibitory proteins programmed death-1 (PD-1) and
PD-L1 (15). Along with these phenotypic alterations, VZV-
infected T cells show a loss of CD3ϵ expression, leading to
TCR-CD3 complex dysregulation and destruction of immune
function (16). Fortunately, VZV must infect each T cell
individually and cannot induce the fusion of infected T cells
(10). The non-infected T cell-triggered immune response is
essential for virus clearance and recovery from HZ. In detail,
the proportion of CD4+ T cells from PBMCs negatively
correlated, while regulatory T cells (Tregs) positively correlated
with the severity of HZ (11, 17). Besides VZV-specific CD4+ T
cells are more abundant in PBMCs than CD8+ T cells (18, 19).
Moreover, the frequency of VZV-specific CD4+ T cells peaks at
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about 2 weeks after HZ onset, then decreases at 3–6 weeks and
remains stable for many years (20). Recently, dense CD4+ and
CD8+ T cell infiltrates in ganglia have been observed during HZ
(21, 22). Evidence also confirm the key roles of the immune
system in the development of PHN, albeit with limited
information. A significant decrease of CD4+ T cells, CD8+ T
cells, as well as CD4/CD8 T cell ratio, while an increased
percentage of Tregs are validated in patients with PHN
compared with those in non-PHN and normal controls,
suggesting the more severely impaired T cell-mediated
immunity in patients with PHN (11, 23). Thus, a deeper
understanding of the immune response of HZ and PHN
warrants further investigation to develop potential targets for
new immunotherapies.

To illustrate the immune signatures in PBMCs of patients
with HZ and the mechanisms of immune cells in patients with
PHN, we utilized the CyTOF to visualize the dynamic immune
landscape of PBMCs in patients with HZ and PHN (Figure 1A).
Our findings depicted two major kinetic signatures of NK and T
cell clusters, which closely correlated with clinical pain-related
scores. We further demonstrated that patients with PHN had
more PD-1+CD4+, VZV-specific PD-1+CD4+ T cells, and more
TNF-a production than non-PHN patients. Finally, we showed
that TNF-a could induce calcium influx in DRG-derived cell
lines, suggesting that VZV-specific T cells secreted TNF-a could
induce pain. These data illustrated the dynamic signatures of the
immune landscape in the peripheral, which closely correlated
with clinical features in patients with HZ and revealed the
molecular mechanism of VZV-specific T cells induced pain in
patients with PHN.
MATERIALS AND METHODS

Patients and Samples
PBMCs for CyTOF analysis were collected from 60 patients at
different time points after the onset of rash and eight age-sex-
matched healthy donors as controls (HC) (Supplementary
Table 1, Figure S1A). patients with HZ were diagnosed
clinically by a typical vesicular rash in dermatome distribution,
and medications prescribed were in standard criterion. Exclusion
criteria included known serious immunity disorders or
malignant disease, serious cardiocerebrovascular or hepatorenal
insufficiency, diabetes, hypersensitivity to antiviral or analgesic
drugs, and previous use of corticosteroid therapy, and
breastfeeding or pregnancy. Clinical pain-related scores,
including Numbering Rating Score (NRS), Touch induced
NRS, Numbness degree, DN4, ID-pain, GAD7, PHQ9, impact
of pain on mood, and impact of pain on daily life were
documented in each patient. The clinical characteristics of all
the samples were summarized in Supplementary Table 1.

We recruited another cohort of 35 patients with five samples
at each time point and five HC (Supplementary Table 2) to
further explore the function of VZV-specific cell subsets. This
study was approved by the ethics committee at the First Affiliated
Hospital, School of Medicine, Zhejiang University (NO.2018-
June 2022 | Volume 13 | Article 887892
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530), in accordance with the ethical principles of the Declaration
of Helsinki. Written informed consent was obtained from all
participants before study entry.

PBMCs Isolation
For PBMCs isolation, whole blood of patients infected with VZV
and HC were collected in 10 mL K2EDTA coated vacutainer
tubes (BD Biosciences). PBMCs were isolated by Ficoll-Paque
PLUS (GE Healthcare). PBMCs were washed twice using FACS
buffer (0.2% BSA in PBS) at 400 g for 10 min, resuspended, and
cryopreserved at a density of 5 × 106 cells for storage.

CyTOF Samples Processing, Acquisition
and Analysis
All the CyTOF data were collected at PLT Company (Hangzhou,
China) following their protocols. Briefly, Mass cytometry antibodies
are shown in Supplementary Table 3. For each sample, 3 × 106

PBMCs were stained with mass-tagged barcodes for 30 min. After
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washing, every 10 samples were combined and stained with 1mM
Cisplatin (Fluidigm) to distinguish live/dead cells at room
temperature for 5 min. After washing, cells were incubated with
total mouse and human IgG for blocking for 20 min, followed by
cell surface markers staining for 30 min on ice. Subsequently, cells
were fixed and permeabilized with paraformaldehyde and labeled
with DNA Intercalator-Ir overnight, and then incubated with
intracellular antibodies. Finally, cells were washed twice with
deionized water and diluted with EQ normalization beads
containing 140Ce, 151Eu, 153Eu, 165Ho, and 175Lu (Fluidigm), and
the data were acquired by the CyTOF system (Helios, Fluidigm).

A doublet filtering scheme with mass-tagged barcodes was
firstly used to debarcode the CyTOF data. Next, the live, singlet,
and valid immune cells were obtained via manually gating. The
data from different batches have been normalized by the bead
normalization method. The X-SHIFT (Phenograph) algorithm
was used for all samples. CyTOF data was visualized using the t-
SNE algorithm, an implemented function in the Rtsne package.
A

B D

E F G

C

FIGURE 1 | Immune cell profiles of PBMCs from patients with HZ revealed by CyTOF. (A) Experimental design of this project. (B) t-SNE plot identifying the six major
immune cell populations from PBMCs, including CD4+ T cells, CD8+ T cells, gd T cells, NK cells, B cells, and myeloid cells. (C) t-SNE analysis defining the immune
cell populations according to the expression of the main surface markers. (D) Boxplots demonstrating the frequencies of the six major immune cells in CD45+ cells
among healthy controls (HC) and patients with each time point. (E) Boxplots showing alteration of CD4/CD8 T cell ratio among HC and patients from T0 to T4. (F, G)
The kinetic features of cell markers with PD-1 (E) and Ki67 (F) in both CD4+ T cells and CD8+ T cells. *P < 0.05, **P < 0.01, ****P < 0.0001.
June 2022 | Volume 13 | Article 887892

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Peng et al. The Immunity in HZ and PHN
The top 1% was deleted, and the 99th was defined as the
maximum intensity to exclude extreme marker intensity. The
intensity of all markers was then rescaled between 0 and 1.
Heatmap of normalized mean expression of markers was
generated by R package pheatmap. Spearman correlation was
used to explore the relationships between clusters, and clinical
traits and visualized using ggplot2.

Antigen-Specific T Cell Stimulation
Cryopreserved PBMCs were thawed in a complete PRMI 1640
medium containing 10% FBS, 1% penicillin/streptomycin, and
1% L-glutamine at 1 × 107 cells per mL. Three VZV-specific
peptide pools (gE, IE62, IE63) (JPT Peptide Technologies,
Germany) were mixed together, and PBMCs with 100mL/well
were stimulated with 1 mg/mL mixed VZV-specific peptide pools
in U-bottom 96-well plate (Jet Bio-Filtration Co., Ltd. China).
The same volume of DMSO (Sigma) 1% (vol/vol) was used as a
negative Control group and 10 mg/mL purified anti-human
CD3ϵ antibody (OKT3, Biolegend) was performed as a positive
Control group. After 24 hr stimulation, supernatants were
harvested and stored at −80°C for cytokine detection. PBMCs
were stained for flow cytometry analysis.

Flow Cytometry
All the antibodies for flow cytometry were purchased from
Biolegend unless otherwise stated. After VZV peptide pools
stimulation, the cells were stained with live/dead Zombie
violet™ Fixable Viability Kit (Biolegend), Pacific Blue™ anti-
human CD56 (clone 5.1H11), Pacific Blue™ anti-human CD14
(clone HCD14), Pacific Blue™ anti-human CD19 (clone HIB19),
PE/Dazzle™ 594 anti-human CD3ϵ (clone HIT3a), FITC anti-
human CD4 (clone A161A1), Percp/Cyanine5.5 anti-human
CD8 (clone SK1), APC anti-human CD137 (clone 4B4-1), PE
anti-human CD69 (Clone FN50), and APC/Cyanine7 anti-
human PD-1 (clone EH12.2H7). After 30 min incubation,
samples were washed twice with FACS buffer, resuspended in
300 mL FACS buffer, and then analyzed on a BD FACSFortessa
multicolor flow cytometer (BD Biosciences).

Cytometric Bead Array
The cytometric bead array (CBA, BD Biosciences) was
performed as per the manual instructions. Briefly, the collected
supernatants were incubated with human granzyme B (D7
channel), human IL-2 (A4 channel), human IFN-g (B8
channel), and human TNF-a (C4 channel) beads for 1hr at
room temperature in darkness, followed by 50 mL PE detection
reagent for another 1hr. Beads were centrifuged, washed,
resuspended with wash buffer, and performed on BD
FACSFortessa multicolor flow cytometer (BD Biosciences). The
data were analyzed using FCAP array software (BD Biosciences).

ND7/23 Cell Line Culture
and Differentiation
DRG neuron-derived ND7/23 cell lines (National Infrastructure
of Cell Line Resource, China) were expanded in DMEMmedium
containing 10% FBS, 1% penicillin/streptomycin, and 1% L-
glutamine. The cells were cultured at 1 × 106 cells per mL and
Frontiers in Immunology | www.frontiersin.org 475
passaged every 2 days. When the cells were under logarithmic
growth phase, 5000 cells were seeded into a confocal dish (Wuxi
NEST Biotechnology Co., Ltd, China) with a medium with 1 mM
N6,2’-O-Dibutyryladenosine 3’,5’-cyclic monophosphate
sodium salt (cAMP, Sigma-Aldrich) and 10 ng/mL
recombinant rat b-nerve growth factor (NGF; R&D Systems
Inc.) for differentiation. Cells were maintained in differentiation
media for 3 days and then performed a further experiment.

Measurement of Cytosolic Ca2+
As previously described by Ma et al. (24), the calcium imaging
method was performed. Briefly, the differentiated ND7/23 cells
were washed with FACS buffer containing 2 mM CaCl2 for three
times and then incubated with 5 mM Fluo-4 AM (Yeasen
Biotechnology Co., Ltd, China) for 40 minutes at 37°C.
Following this, cells were washed by FACS for another three
times and then preserved in 200 mL FACS buffer. Time-lapse
images were acquired by Olympus IX83-FV3000-OSR (Olympus
Optical Co., Ltd, Tokyo, Japan) with excitation at 488 nm and
emission at 500–600 nm. Before the addition of stimulators,
seven baseline fluorescence readings were taken, followed by
fluorescent readings every second for 300s. The ratio of real-time
fluorescence divided by baseline fluorescence (F/Fbase) was
utilized for each well to normalize the Ca2+ signals.

Statistical Analysis
All data were expressed as mean ± SEM and analyzed by SPSS
25.0 statistical software (SPSS lnc., Chicago, IL, USA). Data were
analyzed by the Kolmogorov-Smirnov test to identify the normal
distribution. Non-parametric Wilcoxon test was used for the two
groups’ comparison. Spearman’s correlation analysis was used to
identify the clinical correlations. A value of P < 0.05 was
considered statistically significant (**** P < 0.0001, *** P <
0.001, ** P < 0.01, * P < 0.05).
RESULTS

High-Dimensional Immune Cell Profiling of
PBMCs From Patients With HZ During
Acute Phase
To comprehensively understand the immunological cell profiles
of PBMCs in HZ, we performed CyTOF to analyze PBMC
samples from 45 patients and eight age-sex-matched HC
(Figure S1A). The samples were collected from the designated
HZ patient cohort at different time points, including the onset of
skin rash for less than 3 days (T0, N = 8), 1 week (T1, N = 8), 2
weeks (T2, N = 6), 3 weeks (T3, N = 7), and 4 weeks (T4, N = 16)
(Figure 1A). The detailed sample information and clinical
characteristics were listed in Supplementary Table 1. To
explore the signature of major immune lineages of patients’
PBMCs, we clustered CD45+, ProMBP-1-, and CD66b- cells to
analyze immune cells without granulocytes. We then
characterized six major clusters according to the main immune
cell markers, including CD4+ T cells, CD8+ T cells, gd T cells, NK
cells, B cells and myeloid cells, as displayed via t-distributed
June 2022 | Volume 13 | Article 887892

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Peng et al. The Immunity in HZ and PHN
Stochastic Neighbor Embedding (t-SNE) analysis (Figures 1B,
C, and S1B). It is noteworthy that all these clusters presented
their specific kinetics at the different time points (Figure 1D).
Specifically, B cells showed the highest frequency at T0 while
decreasing from T1 to T4, whereas myeloid cells and NK cells
reached the lowest percentage at T2, then increased at T3 and
arrived at a peak at T4. The frequency of gd T cells stably
maintained at low levels during all the acute phases for T cells.
CD4+ T cells were firstly upregulated to the peak at T2, and then
gradually downregulated from T3 to T4, consistent with the
consensus that adaptive immune response usually reaches its
maximum two weeks after antigens stimulate T cells. Such a
similar kinetic trend was also visualized for CD8+ T cells. In
addition, a decreased tendency of CD4/CD8 T cell ratio during
the acute phases was observed, indicating a faster proliferation
velocity of CD8+ T cells (Figure 1E).

Next, we analyzed the dynamic changes of several vital cellular
markers of CD4+ and CD8+ T cells (Figures 1F, G, and S1C). The
expression of PD-1 on both subsets presented two peaks at T1 and
T4 (Figure 1F). For Ki67, only one peak at T2 was detected,
indicating the strongest proliferation capacity of CD4+ and CD8+

T cells (Figure 1G). This was consistent with their highest
frequencies in CD45+ cells at T2 (Figure 1D). Collectivelly, these
data emphasize the dynamic fluctuation of six major clusters from
PBMCs, especially for CD4+ and CD8+ T cells.

Dynamic Characteristics of Different
Immune Subsets
To further characterize the detailed phenotypes of these six
major clusters, we analyzed immune cell clusters with 40 cell
markers by algorithm X-shift and visualized them in a heatmap
(Figure 2A). In general, we identified 5 B cell subsets (B01–B05),
10 myeloid cell subsets (M01–M10), 6 NK cell subsets (NK01–
NK06), 16 CD4+ T cell subsets (T02–T17), 13 CD8+ T cell
subsets (T18–T30), and 4 gd T cell subsets (T31–T34)
(Figure 2A, Supplementary Table 4). Using principal
component analysis (PCA), we revealed that the signature of
immune cells at different time points was distinct and manifested
a rhythmic change (Figures 2B, C). Compared to that in HC, the
immune signature of patients gradually increased from T0 to T2,
but progressively went back from T3 to T4, showing a good
correlation between the dynamic immune signature and the
disease development during acute phases (Figure 2C).

Next, we performed the frequencies of all immune cell subsets
at each time point from T0 to T4 to investigate the specific
dynamic features of each phenotype (Figures 2D, E, and S2A).
Among the 6 NK cell subsets, NK02 (CD56lowCD16+) frequency
only increased at T4. In contrast, NK05 and NK06
(CD56highCD16-) frequencies reached the peak at T1

(Figure 2D) . This phenomenon suggested that the
fundamental functions of distinct NK cell subsets varied at
different stages. There were also two major dynamic patterns
in the case of T cell subsets: quick response pattern and slow
response pattern (Figure 2E). In a quick response pattern, T cell
subsets, such as T13 (CD25+FOXP3+CD45RO+CD4+), T14
(CD27l°wCD45RO+CD4+), T15, and T16 (GranzymeB+
Frontiers in Immunology | www.frontiersin.org 576
Tbet+CD45RO+CD4+), T17 (CD161+CD45RO+CD4+), T20
(PD-1+CD45RO+CD8+) and T28 (CD161+CD45RO+CD8+),
responded quickly and reached the highest frequencies at T2,
and then gradually decreased at T3 and T4, which was similar to
the trend of total CD4+ and CD8+ T cells (Figure 1D). In slow
response pattern, the frequencies of T cell subsets, such as T02
( B T L A + C D 2 7 + C D 1 2 7 + C D 5 7 l ° w C D 4 + ) , T 0 3
(CD127highCD45RO+CD4+), T10 (CD28+CD45RO+CD4+), T18
(BTLA+CD27+CD127+CD57l°wCD8+), and T25 (CD27l

°wCD45ROl°wCD8+), stably maintained at low levels from T0

to T3, and only increased at T4 (Figure 2E). Together, these
results suggest two major dynamic signatures in NK, CD4+ and
CD8+ T subsets in patients with HZ.

Correlations Between Immune Subsets
and Clinical Pain-Related Scores
Clinical pain-related scores, including NRS, touch induced NRS,
numbness degree, DN4 (Douleur Neuropathique 4 Questions), ID-
pain, generalized anxiety disorder (GAD7), patient health
questionnaire-9 (PHQ9), the impact of pain on mood, and
impact of pain on daily life are important parameters to describe
the pain levels of patients with HZ. However, these clinical pain-
related scores are highly subjective and lack objective clinical
indicators. We wondered whether the immune characteristics in
PBMCs could be considered objective biomarkers for pain
description and potential targets for future immunotherapy for
pain-release. Thus, we analyzed the correlation between clinical
pain-related scores and immune subsets by Spearman’s correlation
(Figure 3A). Prior to the correlation analysis, we validated that the
clinical parameters significantly increased in patients compared
with that in HC, but there was no difference among different time
points (Figure S3A). This observation hinted the practicability of
combining the data at all-time points for clinical parameter-related
analysis. B cells and myeloid cells displayed little association
with clinical pain-related scores among all the immune clusters.
For NK cells, the CD56highCD16- NK subset (NK05, NK06)
positively correlated with clinical pain-related scores, while the
CD56l°wCD16+ NK subset (NK02) presented a negative
correlation (Figure 3A).

Similar to NK cells, the correlation between clinical pain-
related scores and different T cell subsets was also confirmed.
Interestingly, we revealed that most T cell subsets with quick
response patterns, such as T13, T14, T15, T16, T17, T20, and
T28, positively correlated with clinical pain-related scores.
However, all T cell subsets with slow response patterns, such
as T02, T03, T10, T18, and T25, showed a negative correlation
with clinical pain-related scores (Figures 2E, 3A). In addition, at
one month after the onset of rash (T4 time point), some patients
still suffered persistent pain, but the others felt relieved
(Supplementary Table 1). As the frequencies of immune
subsets with slow response patterns only increased at T4, we
divided patients at T4 into pain group and pain-release group
and examined the difference between all NK and T cell subsets
with slow response patterns in these two groups. We found that
T02, T03, T10, T18, and T25 subsets significantly increased in
the pain-release group (Figure 3B).
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We further analyzed the correlation between each immune
subset (Figure S3B). T cell subsets with quick response patterns
(T13-T17, T28-T32) were positively correlated. Similarly, the slow
response pattern of T cell subsets between T02 and T03, T10, T18,
subsets between T03 and T10, T18, T25, subsets between T10 and
T18, T25 also showed positive correlations (Figures 3C, S3B). T02
(BTLA+CD27+CD127+ CD57l°wCD4+) and T18 (BTLA+CD27
+CD127+CD57l°wCD8+) were negatively correlated with most of
the clinical pain-related scores and positively correlated with each
other, indicating the involvement of BTLA+CD27+CD127+CD57l

°w T cells in the pathogenesis patients with HZ (Figures 2A,
3A, C). Further investigations are required to explore the
functions of BTLA+CD27+CD127+CD57l°w T cells in the
progression of the acute phase of HZ.

Comparison of the Immune Landscape
Between PHN and Non-PHN Patients
A new cohort was set up with 8 PHN samples and 7 non-PHN
samples (Figure 1A, Supplementary Table 1) to investigate the
Frontiers in Immunology | www.frontiersin.org 677
immune signature in PBMCs between non-PHN and PHN
groups by CyTOF analysis. The distribution among non-PHN
subjects is similar, and so it is in PHN subjects (Figure S4A).
However, the distribution of different immune cells varied
between non-PHN and PHN groups in t-SNE projections
(Figure 4A). Compared with the non-PHN group, the
percentage of CD4+ T cells in the PHN group was significantly
decreased, accompanied by a significant increase in myeloid cells
(Figure 4B). PCA analysis further confirmed the distinct
immune signature between the non-PHN and PHN groups
(Figure 4C). Previous studies showed that patients with PHN
had a lower CD4/CD8 T cell ratio than non-PHN patients (11,
23). We observed a similar decrease in CD4/CD8 T cell ratio in
PHN but with no significant difference, which the insufficient
sample size might cause in each group (Figure 4D). Since PD-1
expression was upregulated at the late acute stage of HZ and was
indicated as an exhaustion marker (Figure 1F). We wondered
whether the percentage of PD-1+ T cells in peripheral blood
differed between PHN and non-PHN group. We found that the
A B D

E

C

FIGURE 2 | Identification of dynamic signatures of each immune subset. (A) Heatmap showing the normalized mean expression of 40 membranous or intracellular
markers to identify the phenotypes of the main six immune cell clusters. We characterized five B cell clusters (B01–B05), 10 myeloid cell clusters (M01–M10), six NK
cell clusters (NK01–NK06), 16 CD4+ T cell clusters (T02–T17), 13 CD8+ T cell clusters (T18–T30), four gd T cell clusters (T31–T34). Relative frequency was shown as
a bar graph on the top. (B, C) Principal component analysis (PCA) showing (B) the distinct immune signatures among HC and patients with each time point from T0
to T4. (C) Black arrows indicate the rhythmic changes with the disease development. (D, E) Boxplots revealing the dynamic characteristics and frequencies of
different immune cell clusters, NK cells shown in (D) and T cells shown in (E). *P < 0.05, **P < 0.01, ***P < 0.001, **** P < 0.0001.
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frequencies of PD-1+CD4+ T cells, but not PD-1+CD8+ T cells,
significantly increased in PHN group (Figure 4E).

Next, we analyzed the mean expression level of distinct
cellular markers on the total CD4+ and CD8+ T cells between
the PHN and non-PHN groups. In PHN group, the markers that
are related to T cell activation and proliferation (e.g., CD28, Ki67,
and IL-7Ra) were significantly declined in both CD4+ and CD8+

T cells compared with that in non-PHN group, suggesting the
inefficiency of CD4+ T cells and CD8+ T cells on VZV clearance
in patients with PHN (Figure 4F). Besides these cellular markers,
we also assessed frequencies of different immune cell subsets
between the PHN and non-PHN groups (Figures 4G, S4B). For
T cells, compared to the non-PHN group, T13, T17 and T28
subsets were significantly decreased, whereas T05, T06, T11, T22,
T24, T25, and T27 subsets were significantly increased in the
PHN group (Figure 4G). Interestingly, both T17 and T28 were
CD161+, indicating the involvement of CD161+ T cells in PHN
development (Figure 2A). Among other immune cells, M01 and
NK05 clusters dramatically decreased in the PHN group (Figure
S4A). These data might indicate that the signature of ab T
subsets dominated the difference between the PHN and non-
PHN groups. Collectively, these data reveal that many T cell
subsets of the PHN group are much different from that of the
non-PHN group, which might ultimately be one of the reasons
for the initiation and progression of PHN.

The Different Characteristics of VZV-
Specific T Cells Between PHN and Non-
PHN Patients
T cells that are activated by TCR signals can express multiple
activation markers, including CD69, CD137, CD154, and OX40,
which are used to identify pathogen-specific T cells (25, 26). We
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used VZV peptide pools to stimulate PBMCs from patients with
HZ at different time points after the onset of rash to elucidate the
role of VZV-specific T cells play in patients with HZ. VZV-specific
T cells were referred as CD69+CD137+, and the gating strategies
were displayed in Figure S5A. For PBMCs stimulation, three VZV
peptide pools (gE, IE62, IE63) were mixed as stimulators, and the
anti-human CD3ϵ and DMSO were performed as positive and
negative controls, respectively (Figures 5A, S5B). We identified
VZV-specific CD4+ and CD8+ T cells in all patients with HZ using
VZV peptide pools compared to DMSO control (Figures 5B,
S5C). Compared with HC, the VZV-specific CD4+ T cells were
significantly elevated, which is important for virus clearance
(Figure 5C). However, no significant increase was found in
VZV-specific CD8+ T cells (Figure S5D). We revealed the
highest frequency of VZV-specific CD4+ T cells at T3, in
accordance with the expression of Ki67 at T3, suggesting the
strongest antiviral response during this time point (Figures 1F,
5D). Although there was no difference for VZV-specific CD8+ T
cells, a similar increased tendency was also detected at T3 (Figure
S5E). Interestingly, there was no difference between the
frequencies of both VZV-specific CD4+ and CD8+ T cells in the
PHN and non-PHN groups (Figures 5D, S5E).

Since a remarkable increase of PD-1+CD4+ T cells in patients
with PHN has been identified as previously described
(Figure 4E), we compared the frequencies of PD-1+ T cells in
total CD4+ T cells and VZV-specific CD4+ T cells in non-PHN
and PHN groups. Consistent with our CyTOF data, the
frequency of both total PD-1+CD4+ T cells and VZV-specific
PD-1+CD4+ T cells in the PHN group was higher than that in the
non-PHN group (Figures 5E, F). In terms of CD8+ T cells, the
frequencies of total PD-1+CD8+ T cells and PD-1+ VZV-specific
CD8+ T cells were similar in the two groups (Figures S5F, G).
A
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C

FIGURE 3 | Correlations between immune subsets and clinical pain related scores. (A) Spearman’s correlation analysis showing the correlations between each
immune cluster and clinical pain-related scores. (B) The difference in the frequency of different immune subsets with slow response patterns that negatively
correlated with clinical pain-related scores (Figure 2E) in the pain or the pain-release groups at the T4 time point. (C) The correlation analysis between each immune
subset with slow response patterns. *P < 0.05, **P < 0.01, ***P < 0.001.
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To evaluate the function and response of VZV-specific T
cells, we further explored the cytokine secretion of PBMCs in
the supernatant after stimulation with VZV peptide pools.
Among the four cytokines, including TNF-a, IL-2, IFN-g,
and granzyme B, the production of TNF-a was significantly
higher in the PHN group than that in the non-PHN group,
suggesting the positive effect of TNF-a on PHN progression
(Figures 5G–J).

TNF-a played an important role in neuropathic pain (27).
Calcium influx was one of the indicators for nociceptive
responses, such as pain, in dorsal root ganglion (DRG) (28).
Since there is no PHN mouse model (29), we visualized the
dynamic of Ca2+ influx in DRG neuron-derived ND7/23 cells via
TNF-a stimulation. Compared with the PBS group, the Ca2+
Frontiers in Immunology | www.frontiersin.org 879
intensity in DRG cells was enhanced after TNF-a stimulation
(Figures 6A–D), and, more importantly, in a TNF-a dose-
dependent manner (Figure 6E, Supplementary video 1–4).
The maximal increased level of Ca2+ by 500ng/mL TNF-a
stimulation was significantly higher than that by 125ng/mL
TNF-a stimulation (Figure 6F).

Collectively, our data indicated that VZV-specific CD4+ T
cells, but not CD8+ T cells, dramatically changed in acute stages
and were more exhausted in the PHN group. In addition, the
observation of higher expression of TNF-a after VZV peptide
pool stimulation in PHN than that in non-PHN patients and the
subsequent effect on Ca2+ influx in DRG-derived cells implies
that VZV-specific T cells play a key role in the progression of
pain in patients with PHN.
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FIGURE 4 | Characteristics of immune landscape of patients with PHN and without PHN. (A) t-SNE plots identifying the difference of six main immune cell profiles,
as shown in Figure 1A, between PHN and non-PHN. (B) Boxplots showing the frequencies of indicated clusters in the PHN and non-PHN groups. (C) The PCA
projections of immune signatures between the PHN and non-PHN groups. (D) Boxplots showing the tendency of CD4/CD8 T cells ratio in the PHN group compared
with the non-PHN group. (E) Boxplots showing the frequencies of PD-1+CD4+ T cells and PD-1+CD8+ T cells in PHN and non-PHN groups. (F) Boxplots displaying
the mean expression levels of important cellular markers on CD4+ T cells and CD8+ T cells in the PHN and non-PHN groups. (G) Boxplots exhibiting the frequencies
of T cell clusters in the PHN and non-PHN groups. *P < 0.05, **P < 0.01, ***P < 0.001.
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DISCUSSION

In this study, we performed a CyTOF analysis of PBMCs of
patients with PHN and HZ in the long-term cohort at six-time
points after HZ onset. We further explored the characteristics of
VZV-specific T cells by VZV peptide pools stimulation. These
data promoted a comprehensive understanding of the immune
cell profiles and kinetics and the role of VZV-specific T cells in
PHN pathogenesis.

NK cells are important sentinels of the immune system,
which function as front-line responders and warn the host of
infections. During the early phase of acute inflammation,
secondary to an infection, NK cells mainly present
regulatory abilities via diverse cytokine production upon
act ivat ion (30) . Moreover , the highly prol i ferat ive
CD56highCD16- NK cell subset mainly participates in
immunomodulatory cytokine production, including IFN-g,
TNF-b, IL-10, IL-13, and GM-CSF (31). We observed that
CD56highCD16- NK cells were the predominant subset of NK
cells at T1 in line with these results. Compared with the CD16-

NK subset, expression of CD16 on NK cells renders strong
mediators of antibody-dependent cellular cytotoxicity against
IgG coated target cells, because the combination of CD16 and
its ligand IgG Fc induces the polarization and degranulation of
Frontiers in Immunology | www.frontiersin.org 980
NK cells (32). The CD56l°wCD16+ subset, accounting for the
majority (~90%), is potently cytotoxic, albeit lowly
proliferative (31). In our study, the percentages of the CD56l

°wCD16+ subset increased to the highest level at T4, indicating
the potent cytotoxicity of eliminating VZV-infected cells. We
also found that the CD56highCD16- NK subset positively
correlated with pain-related scores, while the CD56l°wCD16+

NK subset presented a negative correlation. This suggested
that the higher frequency of CD56highCD16- NK cells during
the early acute phase indicated the severe VZV infection, and
the increasing frequency of CD56lowCD16+ NK cells during
the late acute phase signified the stronger capacity to obliterate
VZV infection.

During HZ, total CD4+ and CD8+ T cells simultaneously
reached the highest frequencies with the highest expression of
Ki67 at T2, indicating the strongest antiviral response and
proliferation ability of these cells. In addition, a similar trend was
observed in T cell subsets with quick response patterns, including
T13, T14, T15, T16, T17, T20, and T28. These subsets were memory
T cells with CD45RO+ and positively correlated with the pain-
related scores. T13, the Tregs (CD25+FOXP3+CD45RO+CD4+), is
essential tomaintain immune homeostasis via governing aggravated
and destructive inflammation, exhibiting protective roles in the host
during viral infections (33). Investigations have revealed their
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FIGURE 5 | Characteristics of VZV-specific CD4+ T cell response. VZV-specific CD4+ T cells assessed as frequencies of CD69+CD137+CD4+ T cells after stimulation of
PBMCs by VZV peptide pools (gE, IE62, IE63). (A) Examples displaying the Fluorescence-activated cell sorting (FACS) plot, gated on total CD4+ T cells. The anti-human
CD3 antibody group and DMSO group were performed as positive control and negative control, respectively. (B) Comparison of the frequency of VZV-specific CD4+ T cells
in peptide pools or DMSO stimulation. (C) Comparison of the frequency of VZV-specific CD4+ T cells in patients and HC. (D) The characteristics of dynamics of VZV-
specific CD4+ T cells in patients at different time points after the onset of rash. (E, F) Frequencies of PD-1+ cells in total CD4+ T cells (E) and VZV-specific CD4+ T cells (F)
in PHN and non-PHN groups. (G-J) Different levels of cytokines in the cultured supernatants of PBMCs with VZV peptide pools stimulation in PHN and non-PHN groups.
(G)TNF-a, (H) IL-2, (I) IFN-g, (J) Granzyme B. *P < 0.05, **P < 0.01, ***P < 0.001.
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suppressive roles in controlling the antiviral CD4+ and CD8+ T cells
in chronic Hepatitis B/C, and HSV-1 infection (34–36). Due to the
immune suppression of Tregs, effector T cell-mediated antiviral
immune responses are inhibited, thus facilitating viral persistence
and disease exacerbation (37).

In contrast to Tregs, T15, and T16 (Tbet+CD45RO+CD4+),
the typical Th1 effector subsets, mediate immune response
against intracellular pathogens and rapidly produce IFN-g, IL-
2, and TNF-a to help control acute infection (38). The higher
frequency of these two subsets suggested the severe VZV
infection in the early acute HZ phase, leading to the pain-
related syndromes. The subsets of T17 and T28 are
represented as CD161+CD4+ and CD161+CD8+ T cells. It is
reported that T cells subsets capable of producing IL-17 are
virtually restricted to express CD161 (39, 40). The positive
correlation between T17 or T28 and pain-related scores
indicated that IL-17 was positively involved in the host
immune response related to pain. The T20 (PD-1+CD8+)
subset presented a transient induction of PD-1 expression on
CD8+ T cells in the acute phase. Previous studies have
documented that this transient PD-1 upregulation has little
influence on early CD8+ T cell activation, expansion, and
effector differentiation during acute viral infection (41).
Moreover, the transient PD-1+CD8+ T cells can exert similar
Frontiers in Immunology | www.frontiersin.org 1081
effector molecules, including granzyme B, IFN-g, TNF-a (41).
Coincidentally, the T20 subset was granzyme B positive in our
data, which indicated the active antiviral role of T20 in the acute
HZ phase.

Compared with the cell subsets with quick response patterns,
we noted that several cell subsets with slow response patterns
only increased at T4, such as T02, T03, T10, T18, and T25.
In addition, all of these subsets negatively correlated with the
pain-related scores and showed increased frequencies in the
pain-release group at T4. Among these subsets, T02
(BTLA+CD27+CD127+CD57l°wCD4+) and T18 (BTLA
+CD27+CD127+CD57l°wCD8+) subsets showed a significantly
positive correlation between each other. BTLA, also known as
B and T lymphocyte attenuator, is a co-inhibitory receptor of the
CD28 superfamily, which plays an important role in T cell
functions via binding with its ligand herpesvirus entry
mediator (HVEM) (42). Many studies have documented the
negative modulation on T cell activation and proliferation in
various infectious diseases, such as COVID-19, HBV, and
cytomegalovirus (43). In contrast, BTLA can also function as
an activating ligand. BTLA expression on ab T cells is essential
for cells to exhibit an active central memory phenotype against
M. tuberculosis (Mtb) infection with a strong ability to produce
IFN-g and perforin (44). In addition, the BTLA-HVEM
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FIGURE 6 | TNF-a induces Ca2+ influx in differentiated ND7/23 cells. (A-D) The relative intensity of Fluo-4 AM fluorescence - and bright-field images were shown in
PBS (A), 125ng/mL TNF-a (B), 250ng/mL TNF-a (C), 500ng/mL TNF-a (D). The Control group indicated the background before adding the stimulator. Images were
taken by confocal microscope. (E) Confocal microscope analysis of [Ca2+] in ND7/23 cells with PBS and TNF-a stimulation. Arrow indicated cells stimulated by PBS
or TNF-a. (F) Quantitative analysis of the maximal increased level of cytosolic Ca2+ after stimulations. *P < 0.05.
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combination in a cis-heterodimeric complex can inhibit the
activation of the HVEM-dependent NF-kB signaling pathway,
and then helps maintain T cells in a naïve state (45). In our study,
the negative correlation of BTLA+ ab T cells with clinical pain-
related scores and the significantly elevated frequencies in the
pain-release group at T4 indicated the similarly protective
immune response of BTLA+ ab T cells against VZV infection.
Further investigation will be performed to validate
this assumption.

T cell exhaustion is reported as a common appearance during
persist ing infections , such as chronic lymphocyt ic
choriomeningitis virus (LCMV) and HIV (46, 47). The
exhausted T cells are characterized by impaired effector
functions, sustained expression of multiple inhibitory
receptors, especially the typical cellular marker PD-1, and a
transcriptional signature that is different from that of
functional effector or memory T cells (48). We found a slight
increase in PD-1 expression on both CD4+ and CD8+ T cells
from T2 to T4 during the acute phase of HZ. In addition,
frequencies of PD-1+CD4+ T cells in patients with PHN were
significantly higher than that in non-PHN patients. The data
implied that the severity of the disease, at least partly, correlated
with the extent of T cell exhaustion. By stimulating PBMCs with
the VZV peptide pools, the expression of PD-1 on
CD69+CD137+CD4+ T cells was significantly higher in the
PHN group than that in the non-PHN group, but the
frequency of virus-specific CD8+ T cells was similar in two
groups, indicating that virus-specific CD4+ T cells were more
exhausted in the PHN group than in the non-PHN group. It has
been demonstrated that the blocking axis of PD-1 and PD-1
ligand could reinvigorate virus-specific T cell responses and lead
to a lower viral load during chronic LCMV infection (49).
Therefore, PD-1 would be a potential target for reversing the
dysfunction of exhausted VZV-specific CD4+ T cells to improve
the control of VZV infection.

Strikingly, we also identified a significant elevation of TNF-a
in the supernatant of PBMCs by VZV peptide pools stimulation
in the PHN group. It has been reported that TNF-a is essential
for anti-tumoral but not for antiviral response in T cells (50).
Therefore, the elevated level of TNF-a in patients with PHN
may not benefit VZV clearance but rather pain persistence in
patients with PHN. Indeed, TNF-a affected the Ca2+ influx of
DRG in a dose-dependent manner. These data suggested the
active roles of TNF-a in promoting pain symptoms. Wagner
et al. has first validated that TNF-a, a well-known immune and
pro-inflammatory mediator, exhibits a similar hyperalgesia
after the injection into the nerve in 1996 (51). Since then,
increasing evidence has put forward the roles of TNF-a in the
mechanisms of both peripheral and central neuropathic pain
(52, 53). However, we noticed that the concentration of TNF-a
in the supernatant after VZV peptide pool stimulation was
~10000 times lower than the concentration of TNF-a for Ca2+

influx of DRG-derived cells (Figures 4G, 6F). This difference
may be because experiments in vitro could not truly reflect
situations in vivo. We hypothesized that the local concentration
of TNF-a surrounding VZV-specific T cells in ganglia was high
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enough to stimulate DRG neurons. In fact, by analyzing ganglia
in cadavers with active shingles before death, the Abendroth
group has found that both CD4+ and CD8+ T cells could
infiltrate into ganglia and secrete granzyme B (22). Therefore,
it is possible that during HZ, the infection of VZV induces T
cell-mediated immune response, then these VZV-specific T
cells infiltrate into ganglia, stimulated by VZV antigens, and
secrete TNF-a to induce pain in patients with PHN. This
hypothesis requires to be examined by establishing a new
PHN animal model. Regardless, we found TNF-a produced
by VZV-specific T cells could be one of the reasons for
persistent pain in patients with PHN, and the effective
blockade of TNF-a would be a promising treatment in the
mediation of pain induced by VZV infection.

In conclusion, we have comprehensively shown the dynamic
immune landscape of patients with HZ, and documented two
major dynamic features and their close correlation with clinical
pain-related scores. We also revealed the enhanced frequencies
of total PD-1+CD4+, VZV-specific PD-1+CD4+ T cells, and
TNF-a content in the PHN group. Moreover, TNF-a could
induce the Ca2+ influx of DRG-derived cells in a dose-
dependent manner. Based on these results, we consider that
the TNF-a secreted by VZV-specific T cells that function on
DRG then induce pain. These findings provide a better
understanding of VZV pathogenesis and immunity
mechanisms, offering a fundamental basis for exploring new
therapies for VZV infection.
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Supplementary Figure 1 | Overview of markers expression by CyTOF data
analysis (related to Figure 1). (A) The comparison of age and sex between patients
and HC for CyTOF analysis. (B) The t-SNE plots of selected markers as shown in
Figure 1B. (C) The dynamic features of mean expression level of cell markers in
CD4+ and CD8+ T cells.

Supplementary Figure 2 | Dynamic signatures of immune subsets in HZ patients
at different time point after the onset of rash (related to Figure 2). (A) Boxplots
revealing the dynamic characteristics of immune subsets as shown in .
Frontiers in Immunology | www.frontiersin.org 1283
Supplementary Figure 3 | The clinical pain-related scores at different time point
and correlation analysis between each immune cluster in HZ patients (related to
Figure 3). (A) Comparisons of clinical pain-related scores, including NRS, Touch
induced NRS, Numbness degree, DN4, ID-pain, GAD7, PHQ-9, Impact of pain on
mood, and Impact of pain on daily life among HC and patients from T0 to T4. (B) The
correlation analysis among immune subsets identified by CyTOF. The red boxes
indicate positive correlation and blue boxes indicate negative correlation.

Supplementary Figure 4 | The immune landscape of PBMCs in PHN and non-
PHN patients (related to Figure 4). (A) the merged tSNE plot of each PHN and non-
PHN sample. (B) Boxplots exhibiting the frequencies of different phenotypes of B
cells, myeloid cells, NK cells, and gd T cells in PHN and non-PHN groups.

Supplementary Figure 5 | The characteristics of VZV specific CD8+ T cell
response (related to Figure 5). (A) The gating strategy for getting
CD69+CD137+CD4+ T cells or CD69+CD137+CD8+ T cells. Dead cells and pacific
blue positive cells are excluded for analysis (details in method). (B) Examples
displaying the FACS plot, gated on total CD8+ T cells. (C) Comparison of frequency
of VZV specific CD8+ T cells in peptide pools or DMSO. (D) Comparison of
frequency of VZV specific CD8+ T cells in patients and HC. (E) The characteristics of
dynamics of VZV-specific CD8+ T cells in patients at different time point after the
onset of rash. (F, G) Percentages of PD-1+ cells in total CD8+ T cells (F) and VZV
specific CD8+ T cells (G) at different time point after the onset of rash.

Supplementary Video 1–4 | (related to Figure 6). The changes of Fluo-4 AM
signal intensity of ND7/23 cell line with the stimulation by PBS (Video1) and 125ng/
mL TNF-a (Video2), 250ng/mL TNF-a (Video3), 500ng/mL TNF-a (Video4). The
videos were taken by confocal microscope.
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A Prospective Study on Risk Factors
for Acute Kidney Injury and All-Cause
Mortality in Hospitalized COVID-19
Patients From Tehran (Iran)
Zohreh Rostami1, Giuseppe Mastrangelo2, Behzad Einollahi1, Eghlim Nemati1,
Sepehr Shafiee3, Mehrdad Ebrahimi1, Mohammad Javanbakht1*, Seyed Hassan Saadat1,
Manouchehr Amini4, Zahra Einollahi5, Bentolhoda Beyram1 and Luca Cegolon6,7*

1 Nephrology and Urology Research Center, Baqiyatallah University of Medical Sciences, Tehran, Iran, 2 Department of
Cardiac, Thoracic, Vascular Sciences and Public Health, Padua University, Padua, Italy, 3 School of Medicine, Shahid
Beshest University of Medical Sciences, Tehran, Iran, 4 Nephrology Research Center, Shariati Hospital, Tehran University of
Medical Sciences, Tehran, Iran, 5 Scholl of Medicine, Tehran University of Medical Sciences, Tehran, Iran, 6 Department of
Medical, Surgical and Health Sciences, University of Trieste, Trieste, Italy, 7 Public Health Department, University Health
Agency Giuliano-Isontina (ASUGI), Trieste, Italy

Background: Several reports suggested that acute kidney injury (AKI) is a relatively
common occurrence in hospitalized COVID-19 patients, but its prevalence is
inconsistently reported across different populations. Moreover, it is unknown whether
AKI results from a direct infection of the kidney by SARS-CoV-2 or it is a consequence of
the physiologic disturbances and therapies used to treat COVID-19. We aimed to
estimate the prevalence of AKI since it varies by geographical settings, time periods,
and populations studied and to investigate whether clinical information and laboratory
findings collected at hospital admission might influence AKI incidence (and mortality) in a
particular point in time during hospitalization for COVID-19.

Methods: Herein we conducted a prospective longitudinal study investigating the
prevalence of AKI and associated factors in 997 COVID-19 patients admitted to the
Baqiyatallah general hospital of Tehran (Iran), collecting both clinical information and
several dates (of: birth; hospital admission; AKI onset; ICU admission; hospital discharge;
death). In order to examine how the clinical factors influenced AKI incidence and all-cause
mortality during hospitalization, survival analysis using the Cox proportional-hazard
models was adopted. Two separate multiple Cox regression models were fitted for
each outcome (AKI and death).

Results: In this group of hospitalized COVID-19 patients, the prevalence of AKI was
28.5% and the mortality rate was 19.3%. AKI incidence was significantly enhanced by
diabetes, hyperkalemia, higher levels of WBC count, and blood urea nitrogen (BUN).
COVID-19 patients more likely to die over the course of their hospitalization were those
presenting a joint association between ICU admission with either severe COVID-19 or
org July 2022 | Volume 13 | Article 874426185
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even mild/moderate COVID-19, hypokalemia, and higher levels of BUN, WBC, and LDH
measured at hospital admission. Diabetes and comorbidities did not increase the mortality
risk among these hospitalized COVID-19 patients.

Conclusions: Since the majority of patients developed AKI after ICU referral and 40% of
them were admitted to ICU within 2 days since hospital admission, these patients may
have been already in critical clinical conditions at admission, despite being affected by a
mild/moderate form of COVID-19, suggesting the need of early monitoring of these
patients for the onset of eventual systemic complications.
Keywords: acute kidney injury, COVID-19, electrolyte abnormalities, renal failure, SARS-CoV-2
BACKGROUND

SARS-CoV-2 is known for its ability to invade various organs (1).
Earlier studies on the impact of COVID-19 focused on the
pulmonary system, and dysfunctions of other organs were
attributed to hyper-inflammatory response and thrombophilia-
inducing multiorgan failure (MOF).

ACE-2 and TMPRSS-2, surface cell proteins expressed by
various tissues, are targeted by SARS-CoV-2. In addition to the
respiratory system, ACE-2 and TMPRSS-2 are also expressed in
the gastrointestinal tract, brain, and vessels (2–5). Furthermore,
ACE-2 is highly expressed in renal proximal tubules, where
SARS-CoV-2 particles were detected postmortem in podocytes
of COVID-19 patients, suggesting that the kidneys could also be
one of the targets of SARS-CoV-2 (6, 7). Acute kidney injury
(AKI)—a common finding in hospitalized COVID-19 patients—
can interfere with the conventional management of COVID-19,
resulting in poorer prognosis in terms of higher risk of
mortality, intensive care unit (ICU) admission, and prolonged
hospitalization (8, 9). It is unknown, however, whether AKI
results from a direct infection of the kidney by SARS-CoV-2 or as
a consequence of the physiologic disturbances and therapies used
to treat the viral disease (10).

Up until November 14, 2021, the cumulative number of
COVID-19 infections globally was 3,800,000,000, with a 1%–
2% hospitalization rate and a mortality rate of 194.5/100,000
(11). Prevalence of AKI in COVID-19 patients is inconsistently
reported, ranging from 0.5% in China (12) to 80% among
critically ill COVID-19 patients in France (13, 14). While AKI
prevalence among COVID-19 patients was low in initial reports
from China, subsequent figures became much higher, suggesting
the kidney as one of the main organs targeted by SARS-CoV-2
(15). For instance, in an observational cohort study conducted in
a large tertiary care university hospital in Wuhan (China),
enrolling all consecutive COVID-19 inpatients older than 65
years during January 2020, the prevalence of AKI was 14% (16).
In a meta-analysis on 6,945 COVID-19 patients from China,
Italy, the UK, and the USA recruited from 2019 to May 11, 2020,
the incidence of AKI was 8.9% [95% CI: 4.6–14.5] (17). Higher
AKI figures (46%) were observed among 3,993 COVID-19
patients aged ≥18 years admitted to the Mount Sinai Health
System (New York) from February 27 to May 30, 2020 (18), and
in another study (rate of 32%) in New York city on a cohort of
org 286
5,216 US veterans hospitalized for COVID-19 from February 1,
2020, to July 23, 2020 (16, 19). Likewise, the incidence of AKI on
5.449 COVID-19 patients admitted to 18 university and
community hospitals of New York between March 1 and April
5, 2020, was 36.6% (20). Lower AKI figures have been reported in
Europe during the first pandemic wave, for instance in a
multicenter study on 1,855 admissions for COVID-19 in
London hospitals from January 1, 2020, up to May 14, 2020,
where 455 patients (a rate of 24.5%) developed AKI (21).
Likewise, prevalence of AKI among hospitalized COVID-19
patients was estimated to be 22.4% in an Italian study (22). By
contrast, a study from Brazil reported an incidence of AKI of
71% among critically ill COVID-19 patients (23).

In view of the above, we carried out a prospective study on
hospitalized COVID-19 patients in Tehran (Iran) with a
double aim:

• To estimate the prevalence of AKI, since it varies by
geographical settings, time periods, and populations studied;
and

• To investigate the risk factors predicting AKI occurrence,
assessing their impact on survival of hospitalized COVID-19
patients.
METHODS

This single-center longitudinal prospective study was conducted
at Baqiyatallah general hospital in Tehran (Iran), from October
22, 2020, until January 7, 2021, during the third wave of the
COVID-19 pandemic (Figure 1) (24). The study received
approval from the research ethic committee of Baqiyatallah
University of Medical Sciences. COVID-19 diagnosis was
confirmed by RT-PCR on nasopharyngeal swabs, as per WHO
guidelines (25).

Following triage telephone consultations, 5,890 patients with
COVID-19 symptoms were referred to Accident & Emergency
(A&E) of Baqiyatallah general hospital of Tehran (Iran) from
October 22, 2020, until January 7, 2021. Two thousand COVID-19
patients were randomly selected (using a simple random code
generator software) among those 3,099 hospitalized for more than
1 day. Patients receiving alternative experimental treatments (N =
110) were excluded since they were part of other clinical trials.
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Furthermore, patients with missing data on past medical history
and serum creatinine and those with only one documented
creatinine measurement were excluded (Figure 2). The final
number of patients analyzed in this study was 997, broken down
into 625 patients affected by mild/moderate COVID-19 and 372
patients with severe disease (Figure 2).
Variables
All variables were collected from hospital records (and stratified
as follows).

* Oxygen supplement (strata: mask, mask with bag reserve,
non-invasive ventilation, intubation);

* Degree of severity of COVID-19.
⚬ Mild COVID-19 (26):
a) Any signs and symptoms of COVID-19 (fever, cough, sore

throat, malaise, headache, muscle pain, nausea, vomiting,
diarrhea, loss of taste and smell), BUT

b) No shortness of breath, dyspnea, or abnormal chest imaging.
⚬ Moderate COVID-19 (26):
a) ≥94% O2 saturation without mask, AND
b) <50% lung involvement at imaging.
⚬ Severe COVID-19 (26):
a) SpO2 <94%; OR
b) Respiratory rate ≥30, OR
c) PaO2/FiO2 <300 mmHg; OR
d) Signs of pulmonary involvement at imaging ≥50%.
* Sex (female and male);
* Age (years: mean ± SD; classes: <47; 47–56; 57–65; 66+ years);
Frontiers in Immunology | www.frontiersin.org 387
* Timeline of AKI onset (days since hospital admission: mean ±
SD; classes: <2; 2–3; 4–6; and 7+ days);

* Length of hospital stay (LoS: mean ± SD; classes: <7; 7–9;
10–13; 14+ days);

* ICU admission (no, yes)
* Timeline of ICU (days since hospital admission: mean ± SD;

classes: <2; 3–5; 6+ days);
* Mortality (no, yes);
* Comorbidities: diabetes mellitus (no, yes); hypertension (no,

yes); ischemic heart disease (IHD: no, yes); chronic heart failure
(CHF: no, yes); end-stage liver disease (ESLD: no, yes); chronic
obstructive pulmonary disease—interstitial lung disease (COPD-
ILD: no, yes); chronic kidney disease (CKD: no, yes if eGFRr
<45); [CKD: no, yes if Estimated Glomerular Filtration Rate
(eGFR) <45]

* AKI stage (stage 1, stage 2, stage 3).
The International Classification of Diseases (ICD10) was used

to evaluate mortality and comorbidities. AKI and stage of renal
failure were identified using Kidney Disease: Improving Global
Outcomes (KDIGO) guidelines (27) (Figure 3).

* eGFR (mL/min/1.73 m2): mean ± SD. The following
formula for modification of diet in renal disease (MDRD) was
used to estimate the glomerular filtration rate:

eGFR = 186 × (Cr)−1.154 × (Age)−0.203× (1.212 if Black) ×
(0.742 if Female)

* Electrolyte imbalance: natremia (hypo Na+ <135 mEq/l;
Hyper Na+ >145 mEq/l); kalemia (Hypo K+ <3.5 mEq/l; hyper
K+ > 5 mEq/l); magnesemia (hypo Mg2+ <1.46 mg/dl; hyper
Mg2+ >2.68 mg/dl); calcemia (hypo Ca2+ <8.8 mg/dl; hyper Ca2+

>10.5 mg/dl).
FIGURE 2 | Flowchart with inclusion/exclusion criteria of hospitalized COVID-
19 patients enrolled in this study from October 22, 2020–January 7, 2021.
FIGURE 1 | Temporal distribution of COVID-19 incident cases (upper panel)
and deaths (lower panel) in Iran, February 2020–April 2022. (24)
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* White blood cells, WBC (× 109/l): mean ± SD;
* Platelets (× 109/l): mean ± SD;
* Hemoglobin (g/dl): mean ± SD;
* Lactate de-hydrogenase, LDH (U/L); mean ± SD;
* Blood creatinine (mg/dL): mean ± SD;
* Blood urea nitrogen (BUN; mg/dL): mean ± SD.
All clinical information but ICU referral was collected at

hospital admission. Blood creatinine and BUN were also
measured at end of follow-up (hospital discharge or death).

The national guidelines of the Iran Ministry of Health (MoH)
and medical education as well as WHO guidelines on
management of COVID-19 (26, 28–30) were followed for the
hospital management of COVID-19 patients and decision
making on ICU admissions.

After the initial admission, all patients were evaluated,
monitored, and treated for volume depletion and high blood
sugar. All patients were stabilized in A&E department before
being transferred to COVID-19 wards and constantly monitored
for their hemodynamic status during hospitalization. Treatment
of patients was mainly supportive and based onWHO guidelines
on COVID-19 patient management at the time of the study. The
only non-steroid-anti-inflammatory drug (NSAID) used was
naproxen, administered routinely but to patients with low
eGFR and with other contradictions. Enoxaparin or heparin
was used as anticoagulants. In patients with mild/moderate
COVID-19, dexamethasone was administered, whereas in
those affected by severe disease methylprednisolone pulse was
employed. Antibiotic therapy was administered only in case of
secondary bacterial infection.

Treatment drugs were adjusted based upon eGFR and
administration of diuretics; ACE inhibitors and angiotensin II
receptor blockers were refrained in patients at risk of AKI.
Furthermore, remdesivir was not administered in patients with
eGFR<30 mg/dl/1.73 m2, because of its debated nephrotoxicity
risk (31).

Statistical Analysis
Distribution of variables by AKI status (yes vs. no) was estimated
by chi-squared test in case of categorical terms, whereas ANOVA
was employed for comparison of continuous terms by AKI. The
distribution of timeline of ICU referral since hospital admission
was contrasted by the mean length of hospital stay (LoS, in days),
Frontiers in Immunology | www.frontiersin.org 488
AKI onset (yes vs. no), timeline of AKI onset (days since hospital
admission), and vital status at end of follow-up (death or
discharge). The mean and median concentration of BUN and
blood creatinine were contrasted between hospital admission
and end of hospital dischargefollow-up by Wilcoxon test.

This prospective study was conducted over a short period of
time collecting both clinical information and several dates (of:
birth; hospital admission; AKI onset; ICU admission; hospital
discharge; death). In order to examine how the above risk factors
influenced mortality risk and AKI incidence during
hospitalization in a particular point in time, survival analysis
using the Cox proportional-hazard models was adopted. Two
separate multiple Cox regression models were fitted for each
outcome (AKI and death). The two multivariable models were
built up only including variables significant at univariable analysis.

Statistical interaction was modeled by including a product of
ICU and severity of COVID-19 in the regression model to
evaluate whether COVID-19 severity modified the association
between ICU and in-hospital mortality. Similarly, we assessed
the interaction between ICU and AKI and between COVID-19
severity and AKI. Results were expressed as hazard ratio (HR)
with 95% confidence interval (95% CI). Non-significant terms at
multivariable analysis were omitted from the respective tables.
The level of significance for each test was set at 0.05. All terms
and interactions not being significant were dropped out, and the
corresponding results were not shown in the tables.

Statistical analysis was conducted using Stata 14.2 (Stata
Corporation, College Station, Texas, USA).
RESULTS

As shown in Table 1, 37.3% patients were affected by severe
COVID-19, whose average age was 56.6 ± 14.7 years, with 60% (N
= 599) of them being males. The mean LoS was 8.8 days, 33%
(=330/997) had to be admitted to ICU, and 19% (=192/997) died.
AKI was more prevalent in male patients and increased with age
and severity of COVID-19 and among those referred to ICU, with
a progressively higher prevalence with increasing number of days
between hospital admission and ICU referral. The most common
comorbidity was diabetes mellitus (49.5% = 493/997) followed by
hypertension (31.9% = 318/997), ischemic heart disease and heart
FIGURE 3 | Stages of renal failure by kidney disease according to Improving Global Outcomes (KDIGO) guidelines.
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TABLE 1 | Distribution of COVID-19 patients by Acute Kidney Injuries (AKI). Number (N), column percentage (%) and p-value of ANOVA (mean differences) or chi square
test (difference in proportions).

FACTORS STRATA Total (N=997)
N (%)

AKI - N (row %) p-value

NO
(N=712; 71.5%)

YES
(N=285; 28.5%)

COVID-19 Mild/Moderate 625 (62.7) 483 (77.3) 142 (22.7) <0.001
Severe 372 (37.3) 229 (61.6) 143 (38.4)

Oxygen
supplement

Mask 268 (26.9) 241 (89.9) 27 (10.1) <0.001
Mask with bag reserve 356 (35.7) 290 (81.6) 66 (18.5)
Non-invasive ventilation 141 (14.1) 85 (60.3) 56 (39.7)
Intubation 232 (23.4) 96 (41.4) 136 (58.6)

AKI
Stage

Stage 1 176 (61.8) – 176 –

Stage 2 59 (20.7) – 59
Stage 3 50 (17.5) – 50

Timeline of
AKI onset
(days since admission)

Mean ± SD 5.6 ± 3.5 – – –

<2 46 (16.1) – 46 –

2-3 55 (19.3) – 55
4-6 96 (33.7) – 96
7+ 88 (30.9) – 88

LoS
(days)

Mean ± SD 8.80 ± 4.35 7.84 ± 3.35 11.19 ± 5.52 <0.001
<7 322 (32.3) 270 (83.9) 52 (16.2) <0.001
7-9 369 (37.0) 286 (77.5 83 (22.5)
10-13 175 (17.6) 109 (62.3) 66 37.7)
14+ 131 (13.1) 47 (35.9) 84 (64.1)

Age
(years)

Mean ± SD 56.6 ± 14.7 55.0 ± 14.7 60.8 ± 13.9 <0.001a

<47 246 (24.7) 204 (82.9) 42 (17.1) <0.001
47-56 241 (24.2) 181 (75.1) 60 (24.9)
57-65 249 (25.0) 166 (66.7) 83 (33.3)
66+ 261 (26.2) 161 (61.7) 100 (38.3)

Sex Female 398 (39.9) 308 (77.4) 90 (22.6) 0.001
Male 599 (60.1) 404 (67.5) 195 (32.6)

ICU Admission No 667 (66.9) 532 (79.8) 135 (20.2) <0.001
Yes 330 (33.1) 180 (54.6) 150 (45.5)

Timeline of
ICU
(days since admission)

Mean ± SD 3.7 ± 2.5 3.6 ± 2.3 3.9 ± 2.6 0.252
<2 127 (38.5) 73 (57.5) 54 (42.5) 0.277
3-5 120 (36.4) 68 (56.7) 52 (43.3)
6+ 83 (25.2) 39 (47.0) 44 (53.0)

Mortality No 805 (80.7) 650 (80.8) 155 (519.3) <0.001
yes 192 (19.3) 62 (32.3) 130 (67.7)

Comorbidities Diabetes mellitus No 504 (50.6) 415 (82.3) 89 (17.7) <0.001
Yes 493 (49.5) 297 (60.2) 196 (39.8)

Hypertension No 679 (68.1) 529 (77.9) 150 (22.1) <0.001
Yes 318 (31.9) 183 (57.6) 135 (42.5)

IHD, CHF No 873 (87.6) 642 (73.5) 231 (26.5) <0.001
Yes 124 (12.4) 70 (56.5) 54 (43.6)

ESLD No 987 (99.0) 706 (71.5) 281 (28.5) 0.422 b

Yes 10 (1.0) 6 (60.0) 4 (40.0)
COPD-ILD No 984 (98.7) 703 (71.4) 281 (28.6) 0.861 b

Yes 13 (1.3 ) 9 69.2) 4 (30.8)
CKD (eGFRr<45) No 912 (91.5) 668 (73.3) 244 (26.8) <0.001

Yes 85 (8.5 ) 44 (51.8) 41 (48.2)
Electrolyte
imbalance

Na+

(mEq/L)
Mean ± SD 134.91 ± 4.95 135.21 ± 4.69 134.18 ± 5.49 0.004

<135 435 (44.9) 286 (65.8) 149 (34.3) <0.001
135-145 517 (53.4) 396 (76.6) 121 (23.4)
>145 16 (1.5) 8 (50.0) 8 (50.0)

K+

(mEq/L)
Mean ± SD 4.17 ± 0.60 4.13 ± 0.53 4.28 ± 0.74 <0.001

<3.5 79 (8.2) 54 (68.4) 25 (31.7) <0.001
3.5-5.0 812 (84.0) 598 (73.7) 214 (26.4)
> 5 76 (7.9) 36 (47.4) 40 (52.6)

Mg 2+ (md/dL) Mean ± SD 1.89 ± 0.39 1.90 ± 0.36 1.87 ± 0.46 0.370a

<1.7 214 (26.0) 244 (67.4) 118 (32.6) 0.008
1.7-3 684 (73.4) 444 (73.5) 160 (26.5)
>3 5 (0.6) 1 (20.0) 4 (80.0)

Mean ± SD 8.81 ± 0.97 8.86 ± 0.92 8.70 ± 1.09 0.080

(Continued)
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failure (12.4% = 124/997), and chronic kidney disease (8.5% = 85/
997). With the exception of COPD and liver disorders, all pre-
existing morbidities were significantly higher among patients
developing AKI (Figure 4). Finally, patients developing AKI
were featured by higher levels of BUN, creatinine, WBC, and
LDH (Table 1).

As is shown inTable 2, themajority of patients were referred to
ICU within 2 days (N = 127, 38.5%) or 3–5 days (N = 120; 36.4%)
since hospital admission, and the increasing timeline between
hospitalization and ICU referral translated into longer LoS.
Prevalence of AKI was higher among patients affected by a
milder form of COVID-19 referred to the ICU within 2 days
since hospital admission, whereas among those developing AKI 3+
days since admission to hospital, it progressively increased with
days since hospital admission to ICU referral (42.5% for patients
admitted <2 days since hospital admission to 53.0% among those
referred to the ICU 6+ days since hospital admission). The death
rate was 19.3% (=192/997), 67.7% (=130/192) vs. 32.3% (=62/192)
among those not developing AKI (Table 2). The majority of
COVID-19 patients developed AKI after ICU referral, and the
Frontiers in Immunology | www.frontiersin.org 690
death rate also increased with days since hospital admission to
ICU referral (Table 2).

As is shown in Table 3, both BUN and blood creatinine
increased considerably more for COVID-19 patients developing
AKI, from admission to end of follow-up.

Table 4 displays the results of a multiple Cox regression
model on AKI onset among study subjects hospitalized for
COVID-19. COVID-19 patients who at hospital admission
were affected by diabetes mellitus (HR = 1.72; 95% CI: 1.26;
2.38), hyperkalemia (HR = 1.64; 95% CI: 1.08; 2.48),
progressively higher levels of BUN (>14 mg/dl), and WBC
count (>5.1 × 109/L) were more likely to develop AKI
during hospitalization.

Table 5 displays the results of a multivariable Cox regression
model for in-hospital mortality. The untoward prognostic risks
were found among patients who at admission were affected by
hypokalemia (HR = 2.23; 95% CI: 1.32; 3.78), higher levels of
BUN (>16 mg/dl), and LDH and increasing WBC count (>7.2 ×
109/l). At multivariable analysis, ICU admission significantly
increased the risk of death from severe COVID-19 (HR = 7.34;
TABLE 1 | Continued

FACTORS STRATA Total (N=997)
N (%)

AKI - N (row %) p-value

NO
(N=712; 71.5%)

YES
(N=285; 28.5%)

Ca 2+

(mg/dL)
<8.8 179 (32.2) 117 (63.6) 62 (34.6) 0.047

8.8-10.5 367 (66.0) 276 (75.2) 91 (24.0)

>10.5 10 (1.8) 8 (80.0) 2 (20.0)

eGFR
(ml/min/1.73m2)

Mean ± SD 78.35 ± 26.46 79.71 ± 25.49 74.96 ± 28.52 0.010
<90 698 (70.0) 248 (24.1) 51 (5.1) 0.934

90-119 248 (24.9) 175 (70.6) 73 (29.4)
120+ 51 (5.1) 3 (72.6) 14 (27.5)

WBC
(× 109/L)

Mean ± SD 8.73 ± 7.19 8.16 ± 6.53 10.15 ± 9.08 <0.001
<5.2 238 (23.1) 183 (76.9) 55 (23.1) <0.001

5.2-7.1 255 (25.6) 193 (75.7) 62 (24.3)
7.2-10.4 253 (25.4) 182 (71.9) 71 (28.1)
10.5+ 252 (25.2) 154 (61.4) 97 (38.7)

Platelets
(× 109/L)

Mean ± SD 209.72 ± 93.93 214.25 ± 93.08 198.38 ± 95.26 0.016
<147 249 (25.0) 169 (67.9) 80 (32.1) 0.333

147/190 249 (25.0) 175 (70.3) 74 (29.7)
191/260 247 (24.8) 179 (72.5) 68 (275)
261+ 252 (25.3) 189 (75.0) 63 (25.0)

LDH
(U/L)

Mean ± SD 848.60 ± 619.23 765.63 ± 345.35 1058.57 ± 996.71 <0.001
<564 216 (25.0) 1771 (81.9) 39 (18.1) <0.001

564/753 213 (24.6) 166 (77.9) 47 (22.1)
754-997 216 (25.0) 150 (69.4) 66 (30.6)
978+ 220 (25.4) 127 (57.7) 93 (42.3)

BUN
(mg/dL)

Mean ± SD 19.23 ± 10.51 17.41 ± 9.30 23.80 ± 11.91 <0.001
<14 240 (24.1) 211 (87.9) 29 (12.1) <0.001
14-15 172 (17.3) 135 (78.5) 37 (21.5)
16-20 316 (317) 228 (72.2) 88 (27.9)
21+ 269 (26.9) 138 (51.3) 131 (48.7)

Blood Creatinine
(mg/dL)

Mean ± SD 1.14 ± 0.74 1.08 ± 0.74 1.27 ± 0.74 <0.001
<0.7 17 (1.7) 15 (88.2) 2 (11.8) <0.001

0.7-1.2 749 (75.1) 584 (78.0) 165 (22.0)
>1.2 231 (232) 113 (48.9) 118 (51.1)

Hemoglobin (g/dl) Mean ± SD 13.55 ± 2.10 13.69 ± 1.95 13.21 ± 2.4 0.001
July 2022 | Volume 13 | Article
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95% CI: 2.41; 22.35) and even more from mild/moderate
COVID-19 (HR = 10.14; 95% CI: 3.55; 28.98). No other
interactions (between ICU and AKI, and between COVID-19
and AKI) were statistically significant.
DISCUSSION

Key Findings
The prevalence of AKI in the present study was 28.5%, a figure
fairly in line with reports from different settings and time periods
(32). The risk of AKI increased with diabetes mellitus as well as
hyperkalemia, higher WBC count, and increasing level of BUN
measured at hospital admission. On the other hand, the overall
mortality risk among COVID-19 patients was 19.3%. Factors
associated with a higher risk of death were ICU admission for
severe COVID-19 as well as for mild/moderate COVID-19,
hypokalemia, higher level of BUN, increasing WBC, and
increasing LDH measured at hospital admission.
Interpretation of Findings
In a systematic review and meta-analysis on 14,415 COVID-19
patients from different countries, the prevalence of AKI was 11%
(95% CI: 0.07–0.15; p < 0.01), hence a figure much lower than the
present study. Moreover, in the latter meta-analysis AKI was
significantly associated with death (OR = 8.45; 95% CI: 5.56–
12.56; p < 0.001) and severe COVID-19 (OR = 13.52; 95% CI:
5.43–33.67; p < 0.001) among hospitalized patients (33). In our
prospective study—where a survival analysis by Cox
proportional-hazard models was employed to examine risk
factors influencing AKI incidence and mortality risk in a
particular point in time during hospitalization—although
28.5% COVID-19 patients developed AKI and the crude death
rate was higher among patients developing it (67.7%), AKI did
not increase the adjusted mortality risk at multivariable analysis,
Frontiers in Immunology | www.frontiersin.org 791
a rather unexpected finding. The majority of COVID-19 patients
developed AKI after ICU referral; therefore, the risk of death
appeared to rise following ICU admission rather than AKI.
Almost 40% patients were referred to the ICU within 2 days
since hospital admission, suggesting critical clinical conditions of
these patients even with less severe form of COVID-19.

Kidney involvement and AKI onset in COVID-19 patients
have multiple risk factors, and several explanatory mechanisms
have been proposed (Figure 5), including electrolyte imbalance,
medication-induced injury, organ failure in late stages of the
disease, impairment of gas exchange, hemodynamic alterations
including right heart failure, systemic congestion due to fluid
overload, and secondary infections/sepsis, among others (32, 34).

AKI is reportedly a frequent pattern in patients dying from
COVID-19 (15, 35–38), with acute tubular injury being the most
common morpho-pathologic finding in kidney autopsies (37–39).
Furthermore, ACE-2 and TMPRSS2 are highly expressed in
proximal tubules, where SARS-CoV-2 particles could be
detected postmortem in the respective podocytes from COVID-
19 patients (40), hinting that the novel coronavirus can directly
target the kidneys (7, 10, 34, 41). Experimental and
epidemiological studies evidenced that SARS-CoV-2 can infect
and damage target renal epithelial cells expressing ACE-2 and
TMPRSS2, triggering a cytokine storm (sustained especially by IL-
6 and interferon) and directly causing AKI by increasing vascular
permeability, shock, and multiorgan failure or aggravating/
perpetuating a kidney injury already initiated by non-viral
processes (37, 38, 42). Less frequent autoptic findings include
micro-angiopathy and collapsing glomerulopathy (40), a frequent
cause of proteinuria rapidly progressing to kidney failure (43–45),
which predominantly affect patients with homozygous
apolipoprotein L1 (APOL-1) high-risk alleles (45–46).

This single-center clinical study was conducted from October
22, 2020, to January 7, 2021, during the third pandemic wave in
Iran (Figure 1), before large-scale vaccination campaigns against
COVID-19 were deployed globally. The massive surge of
FIGURE 4 | Distribution of comorbidities among COVID-19 patients at hospital admission. IHD, ischemic heart disease; CHF, chronic heart failure; CKD, chronic
kidney disease; COPD, chronic obstructive pulmonary disease; ILD, interstitial lung disease; ESLD, end-stage liver disease.
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COVID-19 cases did not allow to perform autopsies or biopsies
on patients with AKI.

Although SARS-CoV-1 proved capable of infecting kidney
cells in vitro (47, 48), the evidence supporting persistent infection
of the kidney by SARS-CoV-2 is still unconvincing (45). An
alternative plausible pathogenetic hypothesis is the “hit and run”
model, where the renal injury persists after the clearance of an
early direct kidney infection by SARS-CoV-2. However, AKI
associated with COVID-19 is probably determined by multiple
factors, including an indirect organ damage induced by the
physiologic disturbances caused by COVID-19 and the
therapies administered to treat the severe acute respiratory
syndrome (9, 32, 34, 45). Contrast media, corticosteroids,
NSAIDs, ACEs, Angiotensin receptor blockers (ARBs), and
various antibiotics are reportedly associated with increased
risk of AKI in COVID-19 patients (34, 40), although there is
also some evidence that high daily doses (40 mg) of
methylprednisolone are associated with increased mortality but
lower risk of AKI in COVID-19 patients (49). In a meta-analysis
on 23,655 hospitalized, critically ill COVID-19 patients, the
incidence of AKI was not significantly different between
COVID-19 patients (51%) and critically ill patients infected
with ACE2-associated (56%) or non-ACE2-associated viruses
(63%). The latter meta-analysis estimated a lower risk of renal
replacement therapy in patients affected by COVID-19 or ACE2-
associated viruses (featured by a lower risk of shock and use of
vasopressors) as compared with patients infected with non-
ACE2-binding viruses (50).

As already mentioned, considerable inconsistencies exist
regarding the prevalence of AKI in hospitalized COVID-19
patients, with figures widely ranging from 0.5% to 80% (14).
Explanatory factors for the inconsistency of the epidemiological
evidence on AKI prevalence among COVID-19 patients include
ethnicity, genetic polymorphism, type of SARS-CoV-2 variant,
the underlying mechanism of kidney injury (either pre-renal,
renal, or post-renal), and the methodology employed in various
studies (19, 41, 45, 51).
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Up until November 14, 2021 (before the spread of the
Omicron variant), 56,900,000 cumulative COVID-19 infections
were recorded in Iran, where the overall infection/hospitalization
rate was 1%–3% and the mortality rate equaled to 277.5/100,000
(11). According to a systematic review and meta-analysis, in Iran
the proportion of hospitalized COVID-19 patients developing
AKI was 24% (95% CI: 17%–31%), slightly lower than figures
from the present study (28.5%) (52). In an earlier study
conducted in Iran during February–April 2020, the prevalence
of AKI was lower (13.8%) [53]. A lower prevalence of AKI
reported from China in the early stages of the COVID-19
pandemic could also be due to underestimation of signs and
symptoms not involving the respiratory system (16, 17).
Moreover, clinical management of COVID-19 has considerably
evolved over time since the early days of the pandemic, and this
may account for the inconsistency in AKI figures reported by
different studies in diverse periods.

Despite the inconsistencies of prevalence among COVID-19
patients, common risk factors of AKI according to the open
literature are advanced age, male gender, and comorbidities such
as diabetes mellitus, hypertension, CKD, ischemic heart disease,
electrolyte imbalance, and inflammatory markers (22, 23, 32, 36,
41, 54). Likewise, the role of diabetes, electrolyte imbalance, and
inflammation in AKI was confirmed in the present study. These
factors were already present at hospital admission, reflecting
critical clinical conditions of patients entering the hospital
independently from the severity of their viral lung disease,
thereby supporting the hypothesis that treatment and
alterations induced also by mild/moderate forms of COVID-19
may contribute to MOF, including AKI. The enhanced risk of
AKI in males may reflect on one side a higher SARS-CoV-2
infection rate in males, on the other side their higher
susceptibility to viral infections due to differences in natural
immunity linked to sex chromosomes (41). The enhanced
expression of ACE2 and TMPRSS2 receptors in males,
regulated by androgens, might account for their higher
susceptibility to severe COVID-19 (41, 55, 56). In contrast,
TABLE 2 | Distribution of timeline of intensive care unit (ICU) admission, by severity of COVID-19, length of hospital stay (LoS, in days), acute kidney injury (AKI) onset
(yes vs. no), and patient outcome (death vs. survival). Number (N), percentages (%), mean (M) ± standard deviation (SD).

ICU admission LoS (days) AKI onset Number (row %) Patient outcome N (row %)

Timeline
(days
since
hospital
admission)

Patients’
breakdown

N (%) M ± SD No
N = 712
(71.5)

Yes
N = 285
(28.5)

Before
ICU

admission
(N = 30)

Same day
as ICU

admission
(N = 22)

After ICU
admission
(N = 98)

Survived Deceased

All
patients
N = 805
(80.7)

AKI
N = 155
(19.3)

All
patients
N = 192
(19.3)

AKI
N = 130
(45.6)

<2 All 127 (38.5) 9.5 ± 5.9 73 (57.5) 54 (42.5) 5 (9.3) 7 (13.0) 42 (77.8) 72 (56.7) 15 (27.8) 55 (43.3) 39 (72.2)
Mild/moderate
COVID-19

47 (37.0) 8.9 ± 4.9 29 (61.7) 18 (30.3) 4 (22.2) 4 (22.2) 10 (55.6) 30 (63.8) 8 (44.4) 17 (36.2) 10 (55.6)

Severe COVID-19 80 (63.0) 9.8 ± 6.4 44 (55.4) 36 (45.0) 1 (2.8) 3 (8.3) 32 (88.9) 42(52.5) 29 (80.6) 38 (47.5) 7 (19.4)
3–5 All 120 (36.4) 11.0 ± 5.1 68 (56.7) 52 (43.3) 13 (25.0) 7 (13.5) 32 (61.5) 53 (44.2) 6 (11.5) 67 (55.8) 46 (88.5)

Mild/moderate
COVID-19

58 (48.3) 10.6 ± 5.4 37 (65.8) 21 (36.2) 6 (28.6) 3 (14.3) 12 (57.1) 29 (50.0) 4 (19.1) 29 (50.0) 17 (81.0)

Severe COVID-19 62 (51.7) 11.5 ± 4.9 31 (50.0) 31 (50.0) 7 (22.6) 4 (12.9) 20 (64.5) 24 (38.7) 2 (6.5) 38 (61.3) 29 (93.4)
6+ All 83 (25.2) 13.1 ± 4.7 39 (47.0) 44 (53.0) 12 (27.3) 8 (18.2) 24 (54.6) 27 (32.5) 11 (25.0) 56 (76.5) 13 (75.0)

Mild/moderate
COVID-19

30 (36.1) 13.7 ± 5.2 16 (53.3) 14 (46.7) 1 (7.1) 5 (35.7) 8 (57.1) 12 (40.0) 6 (42.9) 18 (60.0) 8 (57.1)

Severe COVID-19 53 (63.9) 12.7 ± 4.4 23 (43.4) 30 (56.6) 11 (36.7) 3 (10.0) 16 (53.3) 15 (28.3) 25 (83.3) 38 (71.7) 5 (16.7)
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estrogen may inhibit the cell invasion of SARS-CoV-2 by
reducing the expression of TMPRSS2 (57).
STRENGTHS AND LIMITATIONS

This study has several strengths, including a high number of
hospitalized COVID-19 patients and a detailed and thorough
collection of clinical variables with a good level of completeness
of data, allowing to adjust risk estimates. Furthermore, rather
than a cross-sectional design, this study employs a longitudinal
approach and it is the first to test the interaction between ICU
and severity of COVID-19, thereby disentangling the impact of
ICU referral by COVID-19 severity on the mortality risk.
Nevertheless, this study was conducted in the midst of the
third pandemic wave in Iran, with no capacity to perform
Frontiers in Immunology | www.frontiersin.org 993
postmortem autopsies in AKI patients. Since autopsy and
biopsy are essential steps to elucidate the exact mechanism of
AKI in COVID-19 patients, future studies should include
postmortem examination in COVID-19 patients affected
by AKI.
CONCLUSIONS

The prevalence of AKI—a relatively common finding among
hospitalized COVID-19 patients—was 28.5% in the present
study, and the overall mortality rate was 19.3%. The risk of
AKI was associated with diabetes mellitus hyperkalemia,
electrolyte imbalance, and inflammation, but not with the
severity of COVID-19. However, AKI did not influence the
mortality risk, which increased with joint association between
TABLE 3 | Variation of blood urea nitrogen (BUN) and blood creatinine from hospital admission to end of follow-up (hospital discharge or death).

CLINICAL
PARAMETERS

Patients without AKI Patients developing AKI

Admission Final Difference p-value Admission Final Difference p-value

BUN
(mg/dL)

M ± SD 17.41 ± 9.30 19.02 ± 10.62 -1.6 1± 4.49 <0.001 23.8 ± 11.9 40.5 ± 24.2 16.72 ± 21.28 <0.001
Median (IQR) 16 (13; 19) 17 (13; 21) 0 (-3; 0) 20 (16; 28) 31 (23; 50) -10 (24; -4)

Blood Creatinine
(mg/dL)

M ± SD 1.08 ± 0.74 1.11 ± 0.76 -0.03 ± 0.16 <0.001 1.27 ± 0.74 2.09 ± 1.53 0.82 ± 1.23 <0.001
Median (IQR) 1 (0.9; 1.1) 1 (0.9; 1.1 0 (-0.1; 0) 1 (0.9; 1.4) 1.5 (1.3; 2.2) -0.4 (-0.9;-0.3)
July 2022 |
 Volume 13 | Article
MEAN (M) ± standard deviation (SD). Difference, difference between baseline (hospital admission) to end of follow-up (final); Wilcoxon test p-value; IQR, interquartile range (IQR). AKI, acute
kidney injury; BUN, blood urea nitrogen.
TABLE 4 | Multiple Cox regression model on the risk of acute kidney injuries (AKI).

Factors Strata Univariable analysis
HR (95% CI)

Multivariable analysis
aHR (95% CI)

Diabetes mellitus No Reference Reference
Yes 1.70 (1.32; 2.19) 1.69 (1.24; 2.33)

Any other
comorbidity*

No reference
Yes 1.43 (1.13; 1.83)

Na+

(mEq/L)
<135 1.36 (1.07; 1.73)
135–145 Reference
>135 1.56 (0.76; 3.20)

K+

(mEq/L)
<3.5 1.25 (0.82; 1.89) 1.16 (0.73; 1.85)
3.5–5 Reference Reference
>5 1.95 (1.39; 2.74) 1.63 (1.08; 2.47)

Mg2+

(mg/dL)
<1.7 0.85 (0.63; 1.15)
1.7–3.0 Reference
>3.0 3.86 (1.43; 10.47)

WBC
(× 109/L)

<5.2 Reference Reference
5.2–7.1 1.45 (1.01; 2.10) 1.53 (1.02; 2.31)
7.2–10.4 1.42 (1.00; 2.02) 1.43 (0.95; 2.15)
10.5+ 1.80 (1.29; 2.51) 1.52 (1.03; 2.25)

BUN
(mg/dL)

<14 Reference Reference
14–15 1.73 (1.06; 2.83) 1.98 (1.12; 3.48)
16–20 2.33 (1.52; 3.57) 2.44 (1.49; 4.01)
21+ 2.26 (1.49; 3.41) 2.29 (1.43; 3.67)

eGFR
(ml/min/1.73 m2)

<90 0.77 (0.59; 1.00)
90–120 Reference
120+ 1.41 (0.79; 2.51)
*Hypertension; ischemic heart disease: chronic heart failure; chronic kidney disease; chronic obstructive pulmonary disease; interstitial lung disease; end-stage liver disease.
Hazard ratio unadjusted (HR) and adjusted (aHR) with 95% confidence interval (95%CI). Multiple regression model fitted on 814 complete (case analysis) observations and adjusted for
diabetes mellitus, any comorbidity, natremia, kalemia, magnesemia, WBC,white blood cells (WBCs) and blodd urea nitrogen (BUN) at admission.
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TABLE 5 | Multiple Cox regression model on the risk of death.

Factors Strata Univariable analysis
HR (95%CI)

Multivariable analysis
aHR (95%CI)

Age <47 Reference
47–56 1.66 (0.93; 2.97)
57–65 2.03 (1.16; 3.56)
66+ 2.27 (1.32; 3.90)

AKI No Reference
Yes 1.91 (1.39; 2.63)

COVID-19 Mild/Moderate Reference
Severe 1.72 (1.29; 2.31)

ICU
admission

No Reference
Yes 10.27 (5.90; 17.87)

Interaction
ICU admission
X
COVID-19 severity

Mild/moderate COVID-19 and no ICU admission Reference Reference
Severe COVID-19 and no ICU admission 1.28 (0.43; 3.81) 1.07 (0.25; 4.56)

Mild/moderate COVID-19 and ICU admission 10.22 (5.05; 20.71) 10.14 (3.55; 28.98)
Severe COVID-19 and ICU admission 11.72 (5.89; 23.31) 7.34 (2.41; 22.35)

Diabetes mellitus No Reference
Yes 2.26 (1.62; 3.16)

Any
comorbidity*

No Reference
Yes 1.81 (1.33; 2.46)

Na+

(mEq/L)
<145 1.19 (0.89; 1.61)

135–145 Reference
>145 2.69 (1.39; 5.19)

K+

(mEq/L)
<3.5 2.17 (1.43; 3.30) 2.23 (1.32; 3.78)

3.5–5.0 Reference Reference
>5.0 1.88 (1.22; 2.88) 1.46 (0.80; 2.66)

Mg2+

(mg/dL)
<1.7 0.90 (0.63; 1.29)
1.7–3 Reference
>3 7.05 (2.57; 19.34)

Platelets
(× 109/L)

<147 Reference Reference
147/190 0.67 (0.46; 0.99) 0.80 (0.47; 1.39)
191/260 0.68 (0.47; 1.00) 0.56 (0.33; 0.94)
261+ 0.84 (0.56; 1.27) 0.70 (0.41; 1.17)

BUN
(mg/dL)

<14 Reference Reference
14–15 1.35 (0.70; 2.60) 1.91 (0.86; 4.25)
16–20 2.55 (1.51; 4.33) 2.31 (1.19; 4.46)
21+ 2.33 (1.40; 3.87) 1.51 (0.78; 2.91)

LDH
(U/L)

<564 Reference Reference
564/753 1.03 (0.55; 1.92) 1.44 (0.69; 3.01)
754–997 1.64 (0.93; 2.89) 1.63 (0.77; 3.48)
978+ 2.59 (1.53; 4.38) 2.53 (1.13; 4.69)

WBC
(× 109/L)

<5.2 Reference Reference
5.2–7.1 1,34 (0.83; 2.16) 1.75 (0.93; 3.26)
7.2–10.4 1.53 (0.98; 2.38) 1.88 (1.04; 3.40)
10.5+ 2.30 (1.53; 3.45) 2.51 (1.41; 4.46)

Hazard ratio (HR) with 95% confidence interval (95% CI). Model fitted on 755 complete (case analysis) observations and adjusted for severity of COVID-19, AKI, diabetes, any comorbidity.
*Natremia, kalemia, magnesemia, WBC, platelets, LDH, and BUN at admission.
*Hypertension; ischemic heart disease: chronic heart failure; chronic kidney disease; chronic obstructive pulmonary disease; interstitial lung disease; end-stage liver disease
Hazard Ratio unadjusted (HR) and adjusted (aHR) with 95 confidence interval (95%CI). AKI, acute kidney injury; ICU, Intensive care unit; BUN, blood urea nitrogen; LDH, lactate
dehydrogenase; WBC, white blood cells.

Rostami et al. AKI in Hospitalized COVID-19 Patients
ICU admission and severe COVID-19 as well as mild/moderate
COVID-19, hypokalemia, and higher levels of BUN, WBC, and
LDH measured at hospital admission. Diabetes mellitus and
comorbidities did not increase the mortality risk among these
hospitalized COVID-19 patients. AKI can occur anytime in the
course of COVID-19 as a possible complication arising from
disturbances and therapies administered to treat even milder
forms of the disease. Therefore, considering the crucial
importance played by the kidneys in regulating blood pressure
and filtering blood from toxic substances, COVID-19 patients
Frontiers in Immunology | www.frontiersin.org 1094
should be early monitored for the onset of eventual
complications, as they may be already in critical clinical
condition at hospital admission.

Future research should focus on biomarkers of tubule damage
predicting AKI and whether modulation of ACE2 expression by
renin-angiotensin system inhibitors may be beneficial for
COVID-19 patients, diminishing the risk of AKI. Finally, since
the underlying cause of AKI is invasion of kidney cells by
SARS-CoV-2, research should focus on drugs capable of
interfering with the binding of SARS-CoV-2 with cell receptors
July 2022 | Volume 13 | Article 874426
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(ACE2 and TMPRSS2), with cell endocytosis of the virus and
altering the pH of lysosomes where the virus crosses once inside
the cell.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) disclose the variants
of concern (VOC) including Alpha (B.1.1.7), Beta (B.1.351), Gamma (P1), Delta
(B.1.617.2), and Omicron (B.1.1.529). Its spike protein (S) present on the surface of the
virus is recognized by the host cell receptor, the angiotensin-2 converting enzyme (ACE2)
which promotes their entry into the cell. The mutations presented by VOCs are found in
RBD and the N-terminal region of S protein. Therefore, mutations occurring in RBD can
modify the biological and immunogenic characteristics of the virus, such as modifying the
spike affinity for ACE2, increasing the virus transmissibility, or conferring the ability to
escape the immune responses. The raise of a potential new SARS-CoV-2 variant capable
of evading the host defenses at the same time maintaining its fitness justifies the
importance of continued genetic monitoring of the pandemic coronavirus.

Keywords: COVID-19, SARS-CoV-2, COVID-19 vaccination, viral immune escape, SARS-COV-2 variants
INTRODUCTION

According to theWorld Health Organization (WHO), in December 31, 2019, the first notification of
patients in Wuhan Province, China, presenting an “unknown viral pneumonia” was carried out. In
January 9, 2020, the virus was isolated and its genetic sequence was shown to be a “new
coronavirus”; two days later, the first death was reported by China. On February 11, 2020, the
disease caused by the new coronavirus is officially named COVID-19 (Coronavirus disease
2019) (1).

The clinical symptoms of COVID-19 are fever, fatigue, cough, cardiac injury, breathlessness, sore
throat, multi-organ failure, and others manifestations. The worsening of disease is associated with
individual risk factors such as age, gender, cardiovascular disease, obesity and other comorbidities
(2). Reports from China at the onset of outbreak and from other countries thereafter clearly
demonstrated that the majority of patients (81%) have mild symptoms without pneumonia or mild
pneumonia. Among patients with more significant symptoms, 14% have severe respiratory distress,
and 5% respiratory failure, septic shock and/or multiple organ failure (1, 3).

COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a
betacoronavirus members of the family Coronaviridae. SARS-CoV-2 has been characterized as a
positive‐sense single‐stranded RNA. Its spike protein present on the surface of the virus is
responsible for its invasion of host cells, being recognized by the angiotensin-2 converting
org July 2022 | Volume 13 | Article 834098198
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enzyme (ACE2) in host cells which promotes their cellular entry.
The ACE2 receptor is found in several mammalian organs,
including lungs, heart, gastrointestinal tract, and kidney.
However, the viral entry into the host cell is facilitated via
proteolytic cleavage of ACE2 mediated by the transmembrane
serine protease-2 (TMPRSS2), transforming spike protein into
S1 and S2 fragments. The S1 fragment contains the receptor
binding domain (RBD), a region of the protein S that binds to
ACE2 (4, 5).

The rate at which mutations occur in the SARS-CoV-2 is
about 10–4 nucleotide substitutions per site per year (6), much
less than the rates for influenza virus (7) and HIV (8). However,
we have observed a higher mutation rate for SARS-CoV-2 than
expected. This is because the transmission rates of this virus are
high, infecting a very high number of individuals in the
pandemic (9). The more people infected, the greater is the
likelihood of mutations appearing. These mutations may then
generate viral variants, which may modify the biology of the
virus, and impact of disease.

Since the beginning of the pandemic some variants has
appeared and continue occurring. The World Health
Organization in collaboration with partners, expert networks,
national authorities, institutions and researchers have been
monitoring and assessing the evolution of SARS-CoV-2 since
January 2020. This informal group named Technical Advisory
Group on Virus Evolution (TAG-VE), supports a larger WHO-
coordinated global risk monitoring and assessment framework
for SARS-CoV-2 variants, which include other WHO advisory
groups, such as the Expert Advisory Group on COVID-19
Vaccine Composition (TAG-CO-VAC), the Strategic Advisory
Group of Experts on Immunization (SAGE), and the Strategic
and Technical Advisory Group for Infectious Hazards (STAG-
IH) (9).

The TAG-VE shall have up to 30 members, these have
experience in virology, bioinformatics, epidemiology,
laboratory sciences, pharmacology, clinical management, or in
one or several diagnostic, therapeutic and/or vaccine products. In
Frontiers in Immunology | www.frontiersin.org 299
the selection of the TAG-VE Members, consideration shall be
given to attaining an adequate distribution of technical expertise,
geographical representation and gender balance (9). The group
periodically monitors the appearance of new mutations and their
impacts on the biology of the virus, evaluating the emergence of
variants, their transmissibility, disease severity, diagnosis and
treatment, in an attempt to contain the spread of these new
potential variants. According to their clinical impact on the
pandemic, they are classified as either interest or concern
variants (10, 11).

Variants of interest are defined as those with genetic changes
that are predicted or known to affect virus characteristics such as
transmissibility, disease severity, host immune escape, diagnostic
or therapeutic resistance. They are identified to cause significant
community transmission or multiple COVID-19 clusters, in
multiple countries with an increasing relative prevalence
alongside the number of new cases over time, or other
apparent epidemiological impacts to suggest an emerging risk
for global public health, as it happened for the Lambda
variant (10).

The variants of concern, besides having all the characteristics
of the variants of interest, can show a sort of different
characteristics including increased rates in transmissibility or
detrimental change in COVID-19 epidemiology; increased
virulence or change in clinical disease symptoms; decrease in
the effectiveness of public health and social measures or available
diagnostics, vaccines, therapeutics. The major viral mutants
identified to date exhibit ing one or more of these
characteristics (Table 1) are named Alpha (B.1.1.7), Beta
(B.1.351), Gamma (P1), Delta (B.1.617.2) and Omicron
(B.1.1.529) variants (10).
ALPHA VARIANT

The Alpha variant (B.1.1.7) was dominant in the United
Kingdom in early 2021 (Figure 1), containing several deletions
TABLE 1 | Variants and spike mutations, including specific RBD mutations. The most important RBD positions that interacts with ACE2 are E484, S494, N501, K417,
L452 (12–14).

Variants Deletions Mutation S1+S2 RBD
mutations

Earliest
Documented in

Alpha
(B.1.1.7)

DH69, DV70,
DY144

N501Y, A570D, D614G, E484K, T716I, S982A, P681H, D1118H E484K,
S494P,
N501Y

United Kingdon (10,
15)

Beta
(B.1.351)

D241/4, D242,
D243

N501Y, A701V, D614G, E84K, D215G, K417N, and D80A K417N,
E484K,
N501Y

South Africa (10,
16)

Gamma
(P1)

N501Y, L18F, D614G, E484K, T1027I, K417T, D138Y, R190S, H655Y, P26S, T20N K417N,
E484K,
N501Y

Brazil (10, 17, 18)

Delta
(B.1.617.2)

D156, D157 T478K, L452R, D614G, G142D, D950N, T19R, P681R, R158G, E484Q L452R,
E484Q

India (10, 19)

Omicron
(B.1.1.529)

DH69-V70,
D143-145,
D211-212

A67V, T95I, G142D, G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A,
Q493K, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y,
N856K, Q954H, N969K, L981F

K417N,
E484A,
N501Y

South Africa (10,
20)
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and mutations in its spike protein (Figure 2) such as N501Y,
A570D, DH69/DV70, DY144, P681H, T716I, S982A, and
D1118H. The N501Y substitution, common to the other
variants, seems to be associated with greater transmissibility, as
it has a greater affinity for ACE2. After the first identification of
B1.1.7 phylogeny, an E484K mutation in the protein S was
identified (15). This replacement, as well as the N501Y appears
Frontiers in Immunology | www.frontiersin.org 3100
to increase the spike affinity to ACE2, being related to resistance
to antibody neutralization targeting the original epitope (21).
N501Y mutation slowed the dissociation of the RBD from the
ACE2 receptor, resulting in a fourfold greater affinity than wild-
type RBD (22).

In vitro studies with serum from patients vaccinated with
BNT162b2 or ChAdOx1 has demonstrated that mutation in the
spike protein reduce the antibody neutralization of B.1.1.7
variant as compared to the original virus (23, 24). However,
other studies show little or no difference in the neutralization
antibody capacity of the plasma of vaccinated individuals against
the B.1.1.7 variant compared to the original strains (25–27).

In Qatar, the BNT162b2 vaccine effectiveness was estimated
with a test-negative case–control study design. This study
showed that the effectiveness of this vaccine against the alpha
variant was 89.5% to develop the disease and 97.4% against
severe and fatal cases of the disease (28).

In Brazil, the effectiveness of ChAdOx1 and CoronaVac/
Sinovac was evaluated in two outbreaks of the alpha variant, in
a convent and a Long Term Care Facility for the elderly. They
observed that vaccination did not prevent people from becoming
infected, but there was a reduction in the number of deaths,
symptoms and severe cases of the disease, even in this population
whose average age was around 77 years, with 1 dose of ChAdOx1
or two from CoronaVac/Sinovac (29).

In UK, a group evaluated a cohort that had already
participated in the ChAdOx1 vaccine efficacy trials. These
participants received booster doses, according to the
vaccination protocol, and periodically provided upper airway
swabs on a weekly basis and also if they developed symptoms
of COVID-19 disease. In this work, they showed that
although the neutralization assays with the plasma of these
individuals showed a reduction in neutralization against
this variant, the clinical data show an efficacy of the ChAdOx1
vaccine of approximately 70% against the symptomatic
cases. This indicates that either a low neutralization rate is
already sufficient for protection, there may be complement
activation and elimination of infected cells, antibody-
FIGURE 2 | Main mutations present in SARS-CoV-2 Spike protein variants. In
the center, structures from Spike proteins (colored in ivory) in their closed and
open states (complexed with ACE2, in light brown). The RBD domain is
highlighted in salmon. Closes from the ACE2 interaction interfaces of RBD
domains are depicted for Beta, Gamma, and Omicron (top), Alpha (bottom left),
and Delta (bottom right) variants. Mutated residues are colored in red with their
respective name and positions. To improve the visualization of variants mutated
regions, transparency was applied to ACE2 protein surfaces.
FIGURE 1 | Time line emergence of COVID-19 VOCs.
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dependent NK cell activation, macrophage opsonization, or
other immunological mechanisms such as induction of T cells
specific for spike (30).
BETA VARIANT

The Beta variant (B.1.351) was identified in South Africa,
appearing after the first wave of the epidemic, becoming
prevalent in three provinces (the Eastern Cape, Western Cape
and KwaZulu–Natal), during the second wave (Figure 1). The
Beta variant has eight mutations in the spike (Figure 2), three of
which are known and common to other variants, such as K417N,
E484K and N501Y substitutions, affecting key sites of RBD
associated with escape of neutralizing antibodies (31). It is not
known whether this combination confers a greater affinity to the
host invasion ACE2 receptors. In addition to RBD, the N-
terminal domain (NTD) of spike is a target site for antibody
neutralization, as mutations in this region show substantial or
complete escape from neutralizing antibodies (16).

Recently, a group using a live-virus neutralization assay has
compared the neutralization of a non-variant of concern to Beta
variant, using plasma collected from adults who were
hospitalized with COVID-19 during the two waves of infection
in South Africa. The results showed that the Beta variant was
efficiently neutralized by plasma from infected individuals in the
second wave, but there was a decrease, around 15 times, in the
neutralization efficiency when plasma collected from infected
individuals who was diagnosed in the first COVID-19 wave (32).

Studies on the effectiveness of available vaccines against the
strains of concern found the Oxford-AstraZeneca vaccine with
only 10% protection against mild-to-moderate disease associated
to Beta variant in young populations with an average median age
about 30 in South Africa (33). In contrast, Johnson & Johnson’s
vaccine showed 64% protection against moderate-to-severe
clinical forms of disease (34). The Pfizer/BioNTech was
reported to be less effective against Beta variant than other
variants based on a small analysis of breakthrough infections
in Israel (35). However, a test-negative case–control study design
carried out in Qatar showed that the effectiveness of this vaccine
against the beta variant was 75%, and against severe and fatal
cases, the effectiveness was 97.4% (28).
DELTA VARIANT

The Delta variant, Lineage B.1.617, was first identified in India in
the Maharasha city (Figure 1), and was shown to have the
highest transmissibility, when compared to the Alpha (B.1.1.7),
Beta (B.1.351), and Gamma (P.1) variants. People infected with
this variant have a viral load about 1,000 times greater than
people infected with the wild strain virus (SARS-CoV-2 WT), in
addition to its higher replicating rate. This explains why this
variant is so transmissible, and why it became the dominant
variant worldwide, until the emergence of the Omicron
variant (19).
Frontiers in Immunology | www.frontiersin.org 4101
The Delta variant belongs to the B.1 strain, which contains a
mutation in the spike protein (D614G) that already exists in the
alpha and beta variants, indicating that it can increase the affinity
of the Spike protein for the host ACE2 receptors (36, 37). The
B.1.617 contains 3 sub lineages identified as B.1.617, B.1.617.2,
and B.1.617.3, with B.1.617.2 being the most transmissible in
humans. The B.1.617 has also many other mutations inside the
lineage. In the spike protein (Figure 2), mutations are found in
RBD (L452R and T478K), NTD (R158G, T19R, G142D, D156-
157), S2 region (D950N), and a mutation at the site close to furin
cleavage. These mutations may increase the efficiency of
replication as well as the regulation of S protein, thus reducing
the chances of being recognized by neutralizing antibodies (36).

Recent studies has tested the efficacy of Pfizer/BioNTech and
Oxford-AstraZeneca vaccines to Delta variants, showing reduced
sensitivity of SARS-CoV-2 variant Delta to antibody
neutralization (36, 38). However, a test-negative case–control
study design carried out in Israel showed that the effectiveness of
these vaccines after the complete vaccine program was similar to
the efficacy of clinical trials (39).

In China, due to a public policy of zero tolerance, in 2020
practically all cases of COVID-19 were imported, with almost no
internal transmission of the virus. In this way, the immunity of
the Chinese population is practically all induced by the vaccine
formulations used in the country, which allows a good
assessment of the effectiveness of vaccines, in the isolated
outbreaks that occurred in 2021 as a result of cases of the
Delta variant. This work evaluated the efficacy of two
attenuated virus vaccines, CoronaVac/Sinovac and BBIBP-
CorV vaccine, as well as an adenovirus vector vaccine, Can-
sino’s Ad5 vaccine, against this variant in this 2021 outbreak,
which occurred near Yunnan province. They used a retrospective
cohort design among close contacts of infected individuals to
determine vaccine effectiveness. They observed that the two
inactivated virus vaccines were 74.6% effective against
symptomatic COVID-19, and 100% against severe cases of the
disease. The same was observed for the adenovirus vector
vaccine (40).

A meta-analysis study corroborates these results. This article
brought together five papers on vaccine effectiveness from Pfizer/
BioNTech, three from Oxford-AstraZeneca and one from
CoronaVac/Sinovac. Overall, the three vaccines were effective
after the two doses, the Pfizer/BioNTech had approximately 83%
of effectiveness after the second dose, and 97% after the third
dose. For Oxford-AstraZeneca the effectiveness was
approximately 80%, and for CoronaVac/Sinovac approximately
65% after the second dose, and 63% after the third dose. For
severe forms of the disease, vaccine effectiveness was
approximately 98% for Pfizer/BioNTech, 91% for Oxford-
AstraZeneca and 75% for CoronaVac/Sinovac (41).
GAMMA VARIANT

The Gamma variant was detected in Japan in travelers arriving
from Brazil in January 2021 (17) (Figure 1). By April it had
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already been worldwide spread in 36 countries, with local
transmission occurring in five, including Brazil. This variant
differs from the original Wuhan strain presenting twelve
mutations in the spike (Figure 2), including N501Y, K417T
and E484K (18). Despite having an accumulation of three
different mutations, it seems that this variant has replication
potential similar to the original strain, and is likewise neutralized
with serum from individuals vaccinated with the Pfizer/BioNTec
vaccine (18).

The Gamma strain has also been linked to reinfection cases in
Manaus, Brazil, suggesting its efficiency to circumvent the
acquired immune response from other previous strain
infections. This may explain the rapid spread of the Gamma
variant in Brazil. In Manaus, at the end of 2020, we have
observed a drastic increase in the number of cases for this
variant, and consequently in the number of deaths during
pandemic. Analyzes integrating viral genomic tracking and
mortality data estimate that Gamma variant it is about 1.7 to
2.4 times more transmissible as compared to previous SARS-
CoV-2 non-Gamma infection.

One study evaluated the potential of neutralizing antibodies
after two doses of CoronaVac/Sinovac vaccine against the
original B.1 strain and the Gamma variant. Antibody titers in
individuals who had received two doses of CoronaVac/Sinovac
21 days before sample collection were near 1:80 for B.1 and 1:20
for P.1 isolates. Collectively, the data suggest that P.1 lineage
virus might escape from neutralizing antibodies induced by an
inactivated SARS-CoV-2 vaccine, especially at 5 months after
vaccination as immunity wanes (42).

Previous non-P1 lineage infections can induce about 54-79%
protection against P1 variant (43). The efficacy of the
CoronaVac/Sinovac inactivated virus vaccine in Brazil, where
75% of infections has occurred in the presence of Gamma
variant, was estimated about 50% protection against
symptomatic infection (44).

A test-negative case–control study design evaluated the
efficacy of CoronaVac/Sinovac in elderly people over 70 years
of age during the Gamma variant outbreak in São Paulo, Brazil.
The data show that this vaccine is 47% effective against
symptomatic COVID-19, 57% against severe COVID-19 and
67% against deaths (44).

A multicentric study carried out in Brazil to assess the
effectiveness of the Oxford-AstraZeneca vaccine in preventing
symptomatic COVID-19 showed that against the Gamma
variant this vaccine was 64% effective, but the number of
confirmed cases of this variant was small, therefore this
estimate is weak (45).
OMICRON VARIANT

The new Omicron variant (B.1.1.529) was first detected in
Botswana, on November 11, 2021(Figure 1). Soon after, it was
detected in Hong Kong in a patient who had arrived from a trip
to South Africa (10). In these countries, cases had highly
increased from one week to another after its detection, which
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was partially attributed to the increase in surveillance (20). The
Omicron has some deletions, such as 69–70del, which prevents
Spike from being detected by the RT-PCR test. It also shows
more than 30 mutations in the S protein (Figure 2), with about
15 ones present in the RDB, some of them in regions that overlap
the mutations of the other variants of concern, such as those that
occur in residues K417, E484, and N501 (10). These deletions
and mutations are associated with increased transmissibility by
increasing the affinity of the spike protein with ACE2, and also
associated to host immune escape and reduced neutralization of
vaccine-induced antibodies (46–49).

Studies have indicated that the third dose of Pfizer/BioNTech
and Moderna mRNA vaccines are efficient to neutralize the
Omicron variant. The first and second doses of these vaccines
resulted in low to none neutralization for this variant. However,
patients who received a third dose exhibited efficient
neutralization against the variant (50). The same was observed
when the booster was heterologous, with the vaccination
schedule being CoronaVac/Sinovac and the booster (third
dose) of Pfizer/BioNTech (51), or the vaccination schedule of
Oxford-AstraZeneca and the booster of Pfizer/BioNTech (52).

Furthermore, in vitro infection experiments demonstrated
that the Omicron pseudovirus also depends on the human
ACE2 receptor for target cell entry and infects host cells four
times more efficiently than the wild-type pseudovirus, and 2
times more when compared to the Delta pseudovirus (50).
Corroborating these findings, other studies showed that
Omicron had a growth advantage over Delta in Gauteng,
South Africa, where it presented 5.4-fold weekly increase in
clinical cases as compared to Delta variants (49).

In general, infection with the Omicron variant appears to
cause milder symptoms in relation to other variants. In countries
where the vaccination programs are advanced it can be
demonstrated high index of vaccine protection in all analyzed
populations. However, in countries where vaccination is still
incipient, the spreading of Omicron variant is associated with an
increased number of infection cases, but this epidemiology is not
accompanied by an increase in mortality rates, still indicating a
low virulence of this variant. In fact, the replication capacity of
Omicron is significantly attenuated in vitro and in vivo as
compared to others such as SARS-CoV-2 WT, Alpha, Beta and
Delta variants. This is explained by its lower efficiency in using
TMPRSS2, as mutations in the spike gene of Omicron variant
cause its inefficient cleavage by the host protease, leading to
reduced recognition by host protease (53).
IMPLICATIONS ON BOTH HOST IMMUNE
RESPONSE AND VACCINE EFFICACY

Some mutations capable of altering the fitness of SARS-CoV-2
were detected in the Spike protein early in the pandemic, due to
an international effort in viral monitoring worldwide (10). Some
of them are located in the RBD (Figure 2). Spike protein is the
main neutralizing target for antibodies generated after SARS-
CoV-2 infection (more than 90% of neutralizing antibodies) (54),
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especially the RBD and is the SARS-CoV-2 component of mRNA
and adenovirus-based vaccines licensed for use (55–57). The
immunodominant epitopes are present in the region of the RBD
that overlaps the ACE2 binding site (54).

The interaction of the Spike protein with the host cell occurs
dynamically in a three-dimensional structure. Neutralizing
antibodies can act in different ways, first by blocking the
binding site (RBD) with ACE2 (58, 59). A few of these, bind to
a motif surrounding the N-linked glycan at residue 343. These
antibodies, exemplified by S309 (60), do not block ACE2
interaction, and destabilizing the S-trimer may be their
mechanism of action. Neutralizing anti-NTD mAbs do not
block ACE2 interaction and bind to a so-called supersite on
the NTD (61, 62), however, they generally fail to provide a broad
protection as the supersite is disrupted by a variety of NTD
mutations present in the variants of concern (VOC).

The main vaccines applied today aim to induce an immune
response, either humoral or cellular, against the spike protein.
This is the case of Oxford-AstraZeneca (55), Pfizer/BioNTech
(56) and Moderna (57). The variants of concern have mutations
in RBD and the N-terminal region of S protein. Therefore,
mutations occurring in RBD could potentially modify the
biological and immunogenic characteristics of the virus, may
affecting the spike affinity for ACE2, thus affecting the virus
transmissibility, or conferring the ability to escape the immune
response (63). This may affect the effectiveness of these vaccines.
These mutations in the VOCs, without changing the viral fitness,
can be selected during the course of the infection, by the host’s
immune system, by therapy with convalescent plasma, by
vaccines and also by treatment with antibodies (64).

Vaccination induces a humoral and cellular response, so it is
plausible to assume that the production of antibodies against
Spike, preventing its binding to ACE2 and consequently
infection, is an important mechanism in the control of the
disease (65). Several studies show that vaccines developed
against COVID-19 are capable of inducing neutralizing
antibodies against Spike. It is not known, however, the amount
of neutralizing antibodies needed to control the infection (66),
there seems to be a relationship of the higher the neutralizing
antibody titers, the greater the protection (67).

Since neutralization is an important mechanism for infection
control, concern about variants is legitimate. Some works show
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that there is a reduction in neutralization by antibodies in in vitro
assays for existing variants. However, in clinical practice, vaccines
are being effective in reducing severe cases of the disease. This only
reinforces the doubt about the necessary amount of neutralization
to control the disease, as well as its relevance, since vaccines also
induce a specific T response to the spike protein (68).
CONCLUDING REMARKS

Mutations would have evolutionary relevance if they could
promote phenotypic changes in the viral behavior that
promote its susceptibility to natural selection. In most RNA
viruses, the variations that confer greater ability to evade the
immune system are usually associated with increased fitness, that
is, their ability to infect the host and being transmitted. This
could be the case of antigenic changes causing viral evasion
responses to host defense thus subverting the neutralizing action
of antibodies, induced by a natural immune or vaccine responses
(69). The HIV virus, for example, is one of the viruses with the
greatest capacity to produce high fitness-variants capable of
evading the host immune system.

However, when the selective pressure occurs under reverse
transcriptase or protease, due to treatment with antiretroviral
drugs, the variants that appear resistant to these drugs have a
reduced replicative capacity and transmission (70). Influenza`s
virus hemagglutinin, for instance, is extremely immunogenic and
any variation on it allows evasion of the immune system, without
loss of fitness (71). Therefore, much attention is currently given
to the continued genetic monitoring of new SARS-CoV-2
variants of concern that could be able to evade the host
immune defense mechanisms and promote an deadly wave of
epidemiological outbreak (69).
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Patrick Y. Kim3, Irvin S. Y. Chen1,3 and Masakazu Kamata2*
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Chimeric-antigen receptor (CAR) T-cell immunotherapy employs autologous-T

cells modified with an antigen-specific CAR. Current CAR-T manufacturing

processes tend to yield products dominated by effector T cells and relatively

small proportions of long-lived memory T cells. Those few cells are a so-called

stem cell memory T (TSCM) subset, which express naïve T-cell markers and are

capable of self-renewal and oligopotent differentiation into effector phenotypes.

Increasing the proportion of this subset may lead to more effective therapies by

improving CAR-T persistence; however, there is currently no standardized

protocol for the effective generation of CAR-TSCM cells. Here we present a

simplified protocol enabling efficient derivation of gene-modified TSCM cells:

Stimulation of naïve CD8+ T cells with only soluble anti-CD3 antibody and

culture with IL-7 and IL-15 was sufficient for derivation of CD8+ T cells

harboring TSCM phenotypes and oligopotent capabilities. These in-vitro

expanded TSCM cells were engineered with CARs targeting the HIV-1 envelope

protein as well as the CD19 molecule and demonstrated effector activity both in

vitro and in a xenograft mouse model. This simple protocol for the derivation of

CAR-TSCM cells may facilitate improved adoptive immunotherapy.

KEYWORDS

TSCM, CAR, gene therapy, adoptive immunotherapy, HIV-1
Abbreviations: TSCM, stem cell memory T; CAR, chimeric antigen receptor; HIV-1, human

immunodeficiency virus type 1.
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Introduction

Gene-engineered T cells with desired antigen-specific

receptors such as chimeric-antigen receptors (CARs), aim to

confer directed and enhanced cytotoxic T lymphocyte responses

(1–4). CARs contain an antigen-binding domain specific for

targets and an internal-signaling domain derived from CD3z
chain as well as 41BB, CD28, or other co-stimulatory molecules

(5, 6). When a CAR encounters its target ligand, it signals the cell

in a T cell receptor-like, but human-leukocyte antigen (HLA)-

independent manner, thus allowing this approach to be used in

any patient. In human clinical trials for B-cell malignancies,

CAR-modified autologous T cells targeting CD19 have shown

robust effector responses (5–10). For HIV-1 infection, CD4z
CAR has been widely and longitudinally tested in patients.

Treatment was safe and well-tolerated for over a decade, but

antiviral effects were limited due to low levels of gene-modified

cell persistence (11–14).

The novel memory T cell subset known as stem cell-memory

T (TSCM) harbors self-renewing and oligopotency capabilities. The

TSCM subset has been identified in mice (15), non-human

primates (16, 17), and humans (18, 19). In humans,

approximately 2-4% of peripheral blood T cells consist of TSCM

cells (20). The TSCM cells are phenotypically defined as naïve T

(TN) cells by the expression of TN cell markers, such as CD45RA,

CD62L and CCR7, but are distinguishable from TN cells by two

memory T cell markers: CD95 and CD122. Thus, they exhibit a

gene profile between TN and central-memory T (TCM) cells. Of

note, the TSCM cells ― unlike other memory T cells ― can

be expanded ex vivo while maintaining their stemness, allowing

enrichment of the gene-modified population prior to transplant.

Increasing evidence indicates that the TSCM cells exhibit a

lesser extent of proliferation and effector activities compared to

other memory T cells. Upon antigen stimulation, the TSCM cells

have the ability to differentiate into TCM (which are thought to

be a premature memory subset that differentiates into the

effector subset upon antigen re-encounter), followed by

effector-memory T (TEM) cells (which are considered to be

committed progenitor cel ls that undergo terminal

differentiation after a limited number of cell divisions) (18,

21–24). The frequency and activity of TSCM cells from clinical

samples also supports their prolonged precursor potential in

humans (25, 26). Importantly, individual gene-modified TSCM

cell clones did not show the emergence of clonal dominance for

over a decade after infusion, indicating that gene engineering of

TSCM cells does not bring in them a tumorigenic change. These

evidence well support that TSCM cells would be an ideal host cell

for CAR engineering.

We here developed a simple condition for the derivation and

expansion of gene-modified-T cells harboring TSCM-surface

phenotype and validated its applicability for gene engineering

of T cells using both anti-HIV-1 and anti-CD19 CARs. Our
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results further demonstrate that these cells can effectively

differentiate to functional-T cells conferring CAR-dependent

effector activity against target cells in vitro as well as in a

xenograft NSG mouse model.
Methods

Cells

Peripheral blood mononuclear cells (PBMCs) from healthy

human donors were obtained from the CFAR Virology Core at

UCLA without personal identifying information. To minimize a

potential induction of T-cell stimulation by events such as

crosslinking of cell-surface molecules, TN-cell population was

negatively selected in one step using an EasySep™ Human Naive

CD8+ T Cell Enrichment Kit (StemCell Technologies, Inc.,

Vancouver, Canada), which consistently provides >95% purity of

CD8+ TN cells (Supplementary Figure 1). Cells were maintained in

Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented

with 1% GlutaMAX supplement and Antibiotic-Antimycotic

(Life Technologies, Grand Island, NY), 20% FCS (SH30070.03E;

GE Healthcare Life Sciences, South Logan, UT), and 0.1 mM 2-

mercaptoethanol (Sigma-Aldrich St. Louis, MO) (T-cell medium)

as reported previously (27). Prior to lentiviral vector transduction,

CD8+ TN cells were incubated with various concentrations of anti-

CD3 antibody (Hit3a; BioLegend, San Diego, CA) with or without

2 µg/mL of anti-CD28 antibodies (CD28.2; BioLegend) for 2 days

in T-cell medium supplemented with 5 ng/mL IL-7 and IL-15

(R&D systems, Minneapolis, MN) as summarized in Figure 1A. All

cells were incubated at 37°C in 5% CO2.
Cytotoxic assay

Triple-CD4z (27) was used an anti-HIV CAR. For anti-HIV

CAR cytotoxicity assays, Jurkat cells encoded without (DKS,
non-target cells) or with HIV-1HXBC2 envelope protein (HXBC2,

target cells), where the expression can be induced by removal of

doxycycline from culture medium (28), were used. As an

additional target cell for in vivo cytotoxicity assay, TF228.1.16

cells ― which are BJAB cells constitutively expressing HIV-

1BH10 envelope protein (29) ― were used. DKS, HXBC2, and

TF228.1.16 cells were genetically labeled with TagBFP (30),

mCherry (31), and mStrawberry (31), respectively. In an assay

for anti-CD19 CAR (FMC63-IgG4z (32)), we used BCBL-1 (33)

(CD19-, non-target cells) and Ramos cells (CD19+, target cells).

BCBL-1 and Ramos cells were genetically labeled with TagBFP

and mStrawberry, respectively. All cells were obtained from the

NIH-AIDS Reagent Program and cultured as recommended.

For in vitro cytotoxicity assay, 5 x 104 CAR- or EGFP-

modified CD8+ T cells as a negative control were plated using
frontiersin.org
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100µL of T-cell medium in a 96-well round bottom plate. The

same numbers of genetically-labeled DKS and HXBC2 cells for

CD4z or BCBL-1 and Ramos cells for FMC63-IgG4z were added
to each well and co-incubated for 4 or 16 hours [Effector: Target

(E:T) ratio = 1:1]. Antigen specificity of both CARs was also
Frontiers in Immunology 03
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validated with HXBC2 cells culturing with doxycycline to

suppress HIV-1HXBC2 envelope protein expression for CD4z
CAR which cells cannot be a target for CD4z CAR, as well as

human CD19 overexpressing HXBC2 cells culturing with

doxycycline for FMC63-IgG4z CAR (data not shown). Total
B

C D

A

FIGURE 1

Derivation of gene-marked CD8+ T cells harboring TSCM-surface phenotype under different stimulation conditions. Freshly isolated human

PBMCs were separated for CD8+ TN cells using an EasySep™ Human Naïve CD8+ T Cell Enrichment kit. Cells were stimulated for 2 days with
the condition as in (A), followed by transduction with lentiviral vector encoding EGFP as a transduction marker. Cells were cultured for an
additional 12 days in the presence of 5 ng/mL of IL-7 and IL-15, and cell-surface marker profiles were analyzed by flow cytometry. (A) Summary
for derivation of TSCM cells procedure. (B) Flow cytometry analyses of CD8+ TN cells genetically marked by EGFP with no antibody stimulation.
(C) % positivity of EGFP-marked cells (Top bars) and fold changes in cell number following 14 days of culture (Bottom bars). (D) Flow cytometry
analyses of EGFP-engineered CD8+ TN cells. All experiments were repeated at least three times. Error bars in (C) show the standard deviation of
a data set. One representative experiment is shown for (B, D).
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numbers of each cell were determined by MACSQuant (Milteny

Biotech, Germany) and relative cytotoxicity of target cells

relative to non-target cells was determined by the following

formula: Relative cytotoxicity (%) =100 x (1 – target cell

number/non-target cell number).
Viruses

Lentiviral vectors were generated and transduced as described

elsewhere (27, 34, 35). p24Gag ELISA assays were performed by the

CFAR Virology Core at UCLA. Lentiviral vector information used

in this research will be provided upon request.
Flow cytometry

The following antibodies were used in flow cytometry:

BV711-CD4 (OKT4), BV605-CD8 (RPA-T8), APC/Cy7-

CD45RO (UCHL1), AlexaFlour700-CD45RA (H100), PerCP/

Cy5.5-CD62L (DREG-56), BV785-CCR7 (G043H7) (all from

BioLegend), eFluor650NC-CD3 (OKT3; eBioscience, San Diego,

CA), APC-CD95 (LT95; Thermo Fisher, Pittsburgh, PA), and

BV421-CD122 (Mik-b3; BD Biosciences, San Jose, CA). Cells

were acquired using FACSDiva on BD LSRFortessa. Data for

each cell with different cell surface phenotypes were analyzed

using FlowJo software (BD Biosciences) as summarized in

Supplementary Figure 2. Absolute cell counts were determined

using MACSQuant analyzer. Cell sorting was performed by the

CFAR Flow Cytometry Core Facility at UCLA.
In vivo tumor-killing assay

Animal research was conducted under UCLA’s Chancellor’s

Animal Research Committee. Two million of TF228.1.16 or

HXBC2 cells in 50 mL of PBS were mixed with 50 mL of Matrigel

(BD Biosciences) and subcutaneously engrafted to the left or

right hind limbs of NOD.CB17-Prkdcscid/J (NOD-SCID) mice

(n=4) (Jackson Laboratory, Bar Harbor, Maine), respectively. On

day 14, either Triple-CD4z- or FMC63-IgG4z–modified T cells

(5x105) were infused via the retro-orbital vein. Biofluorescence

images and the weight of xenograft tumors were obtained 42

days post-engraftment.
Statistical analyses

Results are expressed as mean ± standard deviations (SDs).

Errors depict SD. Comparisons between two groups were

performed using an unpaired two-tailed t-test with Welch’s

correction. A p-value less than 0.05 was considered

statistically significant.
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Results

Stimulation of CD8+ TN cells with
soluble anti-CD3 antibody enables
efficient gene-modification by lentiviral
vector while minimizing T-cell
differentiation

Two independent protocols for the derivation of TSCM have

been described by Gattinoni et al. (18) and Cieri et al. (19). The

major differences between those two protocols are that the former

used an inhibitor of glycogen synthase kinase 3b (GSK-3b),
TWS119 (15, 36), and the latter used a low concentration of

two cytokines, IL-7 and IL-15 with no chemical inhibitor. Our

preliminary experiments for a side-by-side comparison of those

two protocols showed that there was minimal benefit of the use of

TWS119 for the derivation of TSCM cells due to a poor cell

expansion by the former protocol. Whereas, the latter protocol

was able to yield a nearly 5-fold higher number of cells harboring

surface phenotypes corresponding to TSCM (0.41 x 106 vs 1.88 x

106, Supplementary Table 1). However, a considerable number of

TEM cells were derivated under both conditions, presumably due

to the potent stimulation condition of using anti-CD3/CD28

antibody coated beads. We thus assessed alternative stimulation

conditions for their ability to derive large numbers of TSCM while

minimizing T-cell differentiation and allowing for gene

modification via lentiviral vectors. Negatively selected CD8+ TN

cells were incubated with different amounts of soluble anti-CD3

antibody with or without anti-CD28 antibody. The cells were then

transduced with a lentiviral vector encoding EGFP as a marker

gene and cultured for an additional 12 days with IL-7 and IL-15

followed with Cieri’s protocol (Figure 1A). In the no antibody

condition, approximately 20% of CD8+ TN cells were successfully

gene-modified, indicating that a small portion of CD8+ T cells are

transducable without active stimulation and that culturing in the

presence of IL-7 and IL-15 allows maintenance of the CD8+ TN

cell phenotype for at least 14 days (Figure 1B). However, the no

antibody condition resulted in extremely poor expansion of the

cells (<2-fold, Figure 1C). The inclusion of increasing

concentrations of anti-CD3 antibody and/or the presence of

anti-CD28 antibody increased the levels of gene marking and T-

cell expansion (Figure 1C), but also increased the proportion of

differentiated cells as defined by the loss of CD45RA or CD62L

expression (37–39) (Figures 1D, 2A). The differences shown above

became more obvious after an additional 14 days of culture (total

28 days of culture) (Figure 2B, Day 28), indicating that cells

harboring TSCM-surface phenotype slowly but continuously

expanded in the presence of IL-7 and IL-15. The average

numbers from each population in EGFP-positive cells after a

total of 28 days of culture in Figure 2B were summarized in

Supplementary Table 2: a higher recovery of the EGFP-marked

TSCM cells was observed with 0.5 µg (7.35 x 106) or 1.0 µg/mL anti-
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CD3 (7.84 x 106) stimulation rather than the condition with 0.5

µg/mL anti-CD3 + 2.0 µg of anti-CD28 antibody (5.61 x 106),

which generated the highest gene marking as in Figure 1C.

Importantly, EGFP-marked TSCM cells were expanded nearly 2-

fold following a total of 28 days of culture, whereas the number of

TSCM cells in other populations decreased over the course of the

culture (Supplementary Figure 3). These results indicate that

stimulation of CD8+ TN cells with only soluble anti-CD3

antibody (0.5-1.0 µg/mL) and prolonged-expansion (28 days) in

the presence of IL-7 and IL-15 allowed for the most efficient

derivation of gene-marked CD8+ T cells harboring TSCM-surface

phenotype with a minimum level of T-cell differentiation.

A key feature of the TSCM subset is its oligopotency

allowing differentiation into more terminal subsets upon

ant i gen s t imu la t ion (18 , 19 ) . We confi rmed the

differentiation ability of these in-vitro generated TSCM cells

via anti-CD3/CD28 co-stimulation. The status of T-cell

differentiation was evaluated by surface phenotypes at 14-

days after the 2nd stimulation (Figure 2C, 2nd stimulation).

The number and prevalence of CD8+ T cells harboring the

TSCM and TN phenotype was substantially reduced after the 2nd

stimulation. Concomitantly, the proportion of differentiated

cells ─ especially the TEM population ─ increased under this

condition. Thus, these in-vitro generated TSCM cells retain

their oligopotency.
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Derivation of CAR-modified CD8+ T cells
with TSCM-surface phenotype

As above, we were able to validate the oligopotency of the in-

vitro generated gene-engineered cells with TSCM-surface

phenotypes. We next applied this method for the generation of

anti-HIV-1 CAR-T cells. We utilized the Triple-CD4z CAR that

targets HIV-1 gp120 on the infected cell surface (27) with co-

expression of two anti-HIV-1 shRNAs: sh1005 which suppresses

surface expression of the key HIV-1 co-receptor CCR5 (40) and

sh516 which prevents HIV-1 infection to both CD4+ T and CD8+

T cells mediated via CD4z expression (34). Thus, the Triple-

CD4z CAR can exert potent anti-HIV-1-effector activity while

protecting its transduced cells from HIV-1 infection. We

previously demonstrated its potent anti-HIV-1 effects in vivo

using an HIV-1 challenged-humanized mouse model (41, 41).

Although the condition established above allowed successful

modification of CD8+ TN cells with the Triple-CD4z CAR

while maintaining a population with the TSCM-surface

phenotype, the proportion of transduced cells was relatively

lower compared to that of control EGFP vector (42.9% vs 8.8%,

Supplementary Figure 4). This is potentially due to a larger size of

the transgene (42). Nevertheless, these gene-marked cells were

successfully differentiated to cells harboring surface phenotypes of

TCM and TEM cells upon anti-CD3/CD28 stimulation (Figure 3A).
B CA

FIGURE 2

Prolonged culture increases % population of CD8+ T cells harboring TSCM-surface phenotype with maintaining oligopotency Freshly isolated
CD8+ TN cells were transduced with lentiviral vector encoding EGFP following stimulation with various antibody conditions shown in Figure 1A.
The cells were cultured for an additional 12 days (A, Day14) or 26 days (B, Day 28) in the presence of 5 ng/mL of IL-7 and IL-15. A half million of
cells in A was co-stimulated by 0.5 mg/mL anti-CD3 and 2.0 mg/mL anti-CD28 antibodies and further cultures for 14 days (C, 2nd stimulation).
Cells were staining for CD45RA, CD45RO, CCR7, CD62L, CD95 and CD122, and surface marker of EGFP-marked cells were analyzed by flow
cytometry. Each cell number of EGFP-marked cells with TN, TSCM, TCM, TEM, and TEMRA phenotypes was plotted. Experiments were repeated
three times. Error bars show the standard deviation of a data set.
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We next assessed the effector function of Triple-CD4z-
modified CD8+ T cells by a flow-cytometry based cytotoxicity

assay. The cells modified with Triple-CD4z cells were incubated

with their target Jurkat cells expressing HIV-1HXBC2 envelope

protein (HXBC2) upon doxycycline removal from culture

medium (28). To validate the level of non-specific target cell

killing, control Jurkat cells which do not encode HIV-1-envelope

protein (DKS, non-target cell) were included (28). The former is

labeled by mCherry and the latter by Tag-BFP, thus both cells can

be distinguished by flow cytometry. The numbers of remaining
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mCherry+ and TagBFP+ cells following incubation with Triple-

CD4z-modified CD8+ T cells correspond to levels of anti-HIV-1

CAR-dependent and independent cytotoxicity, respectively.

Following a co-culture with the above three cells for 4 and 16

hours, the total numbers of mCherry+ and TagBFP+ cells were

analyzed by MACSQuant, and relative cytotoxicity against target

cells compared to that against non-target cells was determined

(Figure 3B). The pre-differentiated cells shown in Figure 3A were

used as a positive control for the assay. There were minimal levels

of change in the cell surface phenotypes of Triple-CD4z following
B

A

FIGURE 3

Induced differentiation of Triple-CD4z modified CD8+ T cells harboring TSCM-surface phenotype with anti-CD3 and CD28 co-stimulation.
(A) Triple-CD4z or EGFP-modified CD8+ T cells were co-stimulated with 0.5 µg/mL of anti-CD3 and 2.0 µg/mL of CD28 antibodies for 2 days
(2nd stimulation) at day14 post-1st stimulation. The cells were further cultured for an additional 12 days in the presence of 5 ng/mL of IL-7 and
IL-15. Cell-surface profiles of gene-marked CD8+ T cells were analyzed by flow cytometry. Each cell number of EGFP- or Triple-CD4z-marked
cells with TN, TSCM, TCM, TEM, and TEMRA phenotypes was plotted with or without 2nd stimulation. Experiments were repeated three times. Error
bars show the standard deviation of a data set. (B) The cells were plated at 5 x 104 cells/100 mL in a 96-well plate. The same number of TagBFP-
labeled Jurkat cells (DKS, non-target control) and mCherry-labeled Jurkat cells constitutively expressing HIV-1HXBC2 envelope protein (HXBC2,
target cells) were added to the wells and incubated for 4 or 16 hours. Total numbers of each population were determined by MACSQuant, and
relative cytotoxicity of target cells relative to non-target cells was determined. -: unstimulated, +: 2nd stimulated. Experiments were repeated
three times. Error bars show the standard deviation of a data set. Cytotoxicity assays were performed in biological triplicate.
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4-hour and 16-hour incubations with the target cells

(Supplementary Figure 5). A 4-hour incubation was sufficient

for the induction of cytotoxic activity by the pre-differentiated

cells transduced with Triple-CD4z, whereas a 16-hour incubation
was required to achieve a similar level of cytotoxicity without pre-

differentiation, indicating that longer incubation was required to

exert an effector activity for undifferentiated Triple-CD4z-
modified CD8+ T cells.

Additionally, we generated anti-CD19 (FMC63-IgG4z)
modified CD8+ T cells using the same conditions as above

(Supplementary Figure 6). The level of gene marking by FMC63-

IgG4z was similarly lower than control vector as seen with

Triple-CD4z. FMC63-IgG4z-modified cells also maintained

high levels of expression for TSCM cell markers, and a large

portion of the cells harbored TN- and TSCM-surface phenotypes.

Similar to Triple-CD4z modified-CD8+ T cells, FMC63-IgG4z-
modified cells also exerted a potent antigen dependent

cytotoxicity following 16, but not 4, hours of incubation.
Triple-CD4z CAR-modified CD8+ T cells
generated with sole anti-CD3 antibody
stimulation exert antigen-specific
effector functions in a xenograft NOD-
SCID mouse model

As above, CD8+ CAR-T cells carrying the TSCM-surface

phenotype were generated in vitro with an antigen-specific

effector activity. We next tested their effector activity in vivo

using a xenograft NOD-SCID mouse model. NOD-SCID mice

were engrafted with two different lymphoma cell lines:

TF228.1.16 ― a derivative of BJAB (29) or HXBC2 ― a

derivative of Jurkat (28). These lines express envelope protein

from either the HIV-1BH10 or HIV-1HXBC2 strains, respectively.

In vitro, the TF228.1.16 cells were killed by Triple-CD4z-
modified CD8+ T cells like the HXBC2 cells, but relatively

weakly by FMC63-IgG4z-modified CD8+ T cells. Although

TF228.1.16 is CD19+ and can be a target for FMC63-IgG4z-
modified CD8+ T cells in vitro (Supplementary Figure 7), our

FMC63-IgG4z construct contains an IgG hinge-CH2-CH3

domain, which makes ineffective this CAR in vivo due to an

Fcg receptor 1 mediated CAR-T cell elimination (43–46). Thus,

the FMC63-IgG4z serves as negative control. Those two tumor

cells were genetically marked by mStrawberry (TF228.1.16) or

mCherry (HXBC2), and subcutaneously engrafted into the left

and right hind limbs of NOD-SCID mice, respectively. We

confirmed that the expression levels of HIV-1 envelope

proteins in tumor tissues developed in xenograft mice were

similar to those in cells maintained in vitro by western blotting

using anti-GP120 (2G12) and anti-GP41 (2F5) antibodies (data

not shown).

At 14 days post-engraftment, we infused CD8+ T cells

engineered with either Triple-CD4z CAR or FMC63-IgG4z
Frontiers in Immunology 07
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CAR derived as above. We analyzed these CAR-dependent

effector activities by bioimaging using a Maestro 2

multispectral imaging system (Figure 4). As expected, we

observed poor in vivo effector activity of the cells modified by

FMC63-IgG4z CAR. On the other hand, the cells modified by

Triple-CD4z CAR showed stronger anti-tumor effector activity

against both tumors, with tumor burdens decreasing

approximately 1.9-fold for TF228.1.16 tumors (blue bars,

Figure 4B) and 5.5-fold for HXBC2 tumors (orange bars,

Figure 4B). Compared to HXBC2 tumor, the effector activity

on TF228.1.16 tumor was weaker with no statistical significance;

this may be due to the faster growth rate of TF228.1.16 cells.

These results provide additional evidence that our simplified

protocol allows for the derivation of CAR-modified CD8+ T cells

harboring TSCM-surface phenotype while maintaining antigen-

specific effector activity in vivo.
Discussion

Though there is currently no standardized protocol for

CAR-TSCM cell manufacturing, the use of CAR-TSCM products

represents a promising approach for improving the outcome of

CAR-T based therapies. Here, we refined the protocol for the

derivation of CAR-modified CD8+ T cells harboring TSCM-

surface phenotype and TSCM-like oligopotency.

The first key to generating CAR-TSCM-like cells is the

purification of CD8+ TN cells as a starting population. Flow-

cytometry based cell sorting is commonly used to isolate this

population, but has 2 major drawbacks: decreased cell viability

(47, 48), and the potential for sorting antibodies to induce

unwanted activation via binding to TN cell surface markers. By

this reasoning, negative selection may be more effective for

isolating TN populations because these processes leave the cells

‘untouched’ and also without any antibodies remaining bound to

the cells in the final product. By using an EasySep™ Human

Naïve CD8+ T Cell Enrichment Kit which enables negative

selection of CD8+ TN cells, we consistently obtained CD8+ TN

cells with >95% purity (Supplementary Figure 1).

Next, we evaluated the utility of different stimulation

conditions for generating gene-modified TSCM-like CD8+ T

cells and found that stimulation with only soluble anti-CD3

antibody in the presence of IL-7 and IL-15 was the most efficient.

Since this condition does not require the use of novel agents, it is

readily translatable for clinical applications. Cieri et al. also

tested a stimulation condition with only anti-CD3 antibody for

expansion of cells with a CD8+/CD45RA+/CD62L+/CD95-

phenotype, but this attempt was unsuccessful (19). There were

several differences compared to our protocol; they used a

different anti-CD3 antibody clone ― OKT3 ― at >16-

times lower concentration (30 ng/mL) in a plate-bound format.

With this condition, they observed a poor expansion of CD8+

TN cells compared to the cells co-stimulated with anti-CD3/
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CD28 antibody coated beads. Surprisingly, most of the cells lost

expression of CD45RA and CD62L after 16 days of culture with

their experimental conditions (19). We did not observe this by

the use of soluble form of anti-CD3 antibody, suggesting that the

precoated anti-CD3 antibodies probably induced a stronger

st imulat ion via TCR crossl inking, result ing in T-

cell differentiation.

Whereas both CD4+ and CD8+ T cells are needed for an

efficient CAR-T cell therapy (49–51); the former mainly serve as

CAR-dependent helper cells and the latter as CAR-dependent

effector cells (52). We have already adopted the derivation of

CAR-modified CD4+ TSCM cells by the use of EasySep Human

Naive CD4+ T cell Isolation kit, which enables negative selection

of CD4+ TN cells (Stemcell technologies, #19555). Unlike CD8+

TN cells, CD4+ TN cells required co-stimulation by soluble forms

of anti-CD3 (1.0 mg/mL) and anti-CD28 (0.1 mg/mL) antibodies

for an efficient expansion of cells with TSCM-surface phenotype

(data not shown). The level of gene marking as well as

oligopotential activity of CAR-engineered CD4+ TSCM cells

were similarly reproduced as those confirmed in CAR-
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engineered CD8+ TSCM cells. We are currently validating the

effector activity of CAR-engineered CD4+ T cells as well as

seeking to derivate CAR-engineered TSCM cells from negatively

selected naive Pan-T cells using EasySep Human Naive Pan T

cell Isolation kit (Stemcell technology, #17961) without pre-

separating CD4+ or CD8+ TN cells. We believe that these

approaches will enable more efficient and reproducible

procedures for the manufacturing of highly effective CAR-

T cells.

CAR-modified CD8+ T cells harboring TSCM-surface

phenotype required longer incubation to exert CAR-dependent

effector activity compared to the pre-differentiated cells (16

hours vs 4 hours, Figures 3B and Supplementary Figure 6B).

The pre-differentiated cells consisted of more differentiated cells,

which have potent cytotoxicity than cells harboring TSCM cell

phenotype. We also confirmed that 16 hours of incubation was

not sufficient to fully induce differentiation of the cells with

TSCM-surface phenotype to cells with differentiated phenotypes,

such as TCM or TEM (Supplementary Figure 5). We thus expected

the cells derived with our protocol to have less effector activity
BA

FIGURE 4

Triple-CD4z CAR-modified CD8+ T cells harboring TSCM-surface phenotype eliminate tumor cells expressing HIV-1 envelope proteins in a
xenograft mouse model. Two million mStrawberry-labeled CD19+ TF228.1.16 cells expressing envelope protein from HIV-1BH10 or mCherry-
labeled Jurkat cells expressing envelope protein from HIV-1HXBC2 (HXBC2), were mixed with Matrigel at a 1:1 ratio and subcutaneously engrafted
to the left or right hind limbs of NOD-SCID mice from ventral side, respectively (n = 4). Freshly isolated CD8+ TN cells were stimulated for 2
days with 0.5 µg/mL of anti-CD3 antibody in T-cell medium, followed by transduction with a lentiviral vector encoding either Triple-CD4z or
FMC63-IgG4z. Following 26 days of culture in the presence of 5 ng/mL of IL-7 and IL-15, cells corresponding to 5 x 105 CAR-modified cells
were intravenously injected via the retro-orbital vein on day 14 post-engraftment of TF228.1.16 and HXBC2. Biofluorescence images (A) and the
weight of xenograft tumors (B) were obtained on day 42 post-engraftment (on day 28 post-transplant of CAR cells). (B) Blue or orange bars:
average weight of xenograft tumors from TF228.1.16 (left limb, blue bars) or HXBC2 (right limb, orange bars) on day 42 post-engraftment.
Experiments were repeated three times with similar results. Two representative animals from each group were shown.
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than those with differentiated phenotypes, and to require longer

incubation before acquiring cytotoxicity. These possibilities are

currently under investigation.

In recent years, immunotherapy utilizing CAR-engineered T

cells has become a highly promising approach, especially for the

treatment of blood cancers. TSCM cells have the capacity for both

self-renewal and oligopotent differentiation into effector cells

upon encounter with antigens; thus, TSCM cells re-directed

against their targets could be more effective than mature T

cells employed in current clinical trials. Due to the low frequency

of TSCM cells in peripheral blood, establishing techniques for

efficient expansion with high levels of gene modification will be

important for translation to clinical purposes. Our protocol

described here is applicable for a prompt implementation of

TSCM cell-based immunotherapies against not only cancer but

also infectious diseases such as AIDS.
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The difference in CD4+ T cell
immunity between high- and
low-virulence Tembusu viruses
is mainly related to residues 151
and 304 in the envelope protein

Runze Meng, Baolin Yang, Chonglun Feng, Jingjing Huang,
Xiaoyan Wang and Dabing Zhang*

Key Laboratory of Animal Epidemiology of the Ministry of Agriculture, College of Veterinary
Medicine, China Agricultural University, Beijing, China
Tembusu virus (TMUV) can result in a severe disease affecting domestic ducks.

The role of T cells in protection from TMUV infection and themolecular basis of

T cell-mediated protection against TMUV remain largely uncharacterized.

Here, we used the high-virulence TMUV strain Y and the low-virulence

TMUV strain PS to investigate the protective role for TMUV-specific CD4+

and CD8+ T cells. When tested in a 5-day-old Pekin duck model, Y and PS

induced comparable levels of neutralizing antibody, whereas Y elicited

significantly stronger cellular immune response relative to PS. Using a duck

adoptive transfer model, we showed that both CD4+ and CD8+ T cells provided

significant protection from TMUV-related disease, with CD8+ T cell conferring

more robust protection to recipient ducklings. For TMUV, CD4+ T cells mainly

provided help for neutralizing antibody response, whereas CD8+ T cells mainly

mediated viral clearance from infected tissues. The difference in T cell

immunity between Y and PS was primarily attributed to CD4+ T cells;

adoptive transfer of Y-specific CD4+ T cells resulted in significantly enhanced

protective ability, neutralizing antibody response, and viral clearance from the

brain relative to PS-specific CD4+ T cells. Further investigations with chimeric

viruses, mutant viruses, and their parental viruses identified two mutations

(T151A and R304M) in the envelope (E) protein that contributed significantly to

TMUV-specific CD4+ T cell-mediated protective ability and neutralizing

antibody response, with more beneficial effects being conferred by R304M.

These data indicate T cell-mediated immunity is important for protection from

disease, for viral clearance from tissues, and for the production of neutralizing

antibodies, and that the difference in CD4+T cell immunity between high- and

low-virulence TMUV strains is primarily related to residues 151 and 304 in the

E protein.

KEYWORDS

Tembusu virus, virulence, cellular immune response, CD4+ T cell immunity, CD8+ T
cell immunity
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Introduction

Tembusu virus (TMUV) is an enveloped mosquito-borne

flavivirus with a positive-sense, single-stranded RNA genome of

approximately 11 kb. The RNA genome contains one large open

reading frame (ORF), which is preceded by a 5’ untranslated

region (UTR) and followed by a 3’ UTR. The ORF encodes ten

polypeptides: three structural proteins [(capsid (C), precursor of

membrane (prM), and envelope (E)] that form the viral particle

and seven nonstructural proteins (NS1, NS2A, NS2B, NS3,

NS4A, NS4B, and NS5) that are required for viral replication

(1, 2).

TMUV can cause an acute infectious disease affecting ducks,

which is of economic importance to all breeder duck farms, layer

duck farms, and duck-growing farms (3–6). Affected ducks

below 7 weeks of age develop signs of encephalitis consisting

of ataxia, reluctance to walk, lameness, and paralysis (1, 4–7).

Therefore, TMUV can be regarded as an encephalitic flavivirus.

Experimental infections of Pekin ducklings (Anas platyrhynchos

domesticus) less than 7 weeks of age have shown that the severity

of TMUV-caused disease is associated with multiple factors,

such as the age of birds, the route of application, the strain of

virus, and the infectivity titer. In ducklings less than 9 days of

age, TMUV generally causes fatal infection, with mortality

ranging from 18% to 100% (1, 6, 8–11).

A better understanding of TMUV-induced adaptive

immune response is crucial for the control of the TMUV-

related disease. Through the use of plaque reduction

neutralization test (PRNT), TMUV has been shown to elicit

high, long-lasting neutralizing antibodies after natural infection

and vaccination with attenuated vaccine (12). Previous works

with E or prM/E-based subunit vaccine (13–16), DNA vaccine

(17–19), and live vector vaccine (18–25) have demonstrated that

the TMUV E and prM/E proteins induce neutralizing

antibodies. The importance of E protein residue 408 in

regulation of neutralizing antibodies has been highlighted by a

recent investigation into attenuation-induced loss of

immunogenicity (26). The C protein expressed by DNA

vaccine was also shown to induce neutralizing antibodies (27).

Using duck models of TMUV infection, the TMUV-induced

cellular immune response is beginning to be understood. TMUV

induces significant up-regulation of IL-2 and IFN-g at 7 days

post infection (pi) (9, 28), and significant increases in numbers

of CD4+ and CD8+ T cells at 5 days pi (29). The E, prM/E, and C

proteins were shown to induce cellular immune response by

measurement of the expression of cytokines (e.g., IL-2, IL-4, IL-

6, IFN-g, and TNF-a) or the change of CD4+ and CD8+ T cell

numbers in ducks following immunization with subunit vaccine,

DNA vaccine, and live vector vaccine (13, 14, 17, 19, 20, 22, 27).

To date, the role of T cells in protection from TMUV infection

and the molecular basis of T cell-mediated protection against

TMUV remain largely uncharacterized. Earlier works in our
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laboratory showed that the natural isolate Y and the plaque-

purified strain PS, which exhibited distinct virulence in a 2-day-

old Pekin duckling model, elicited comparable levels of

neutralizing antibody (11). In this study, we describe the

comparative studies on cellular immune responses to Y and PS.

Our studies indicate that marked differences in inducing T cell

responses exist between Y and PS. On this basis, the molecular

determinants responsible for the differences in cellular immune

responses observed between Y and PS are described.
Materials and methods

Ducks and cells

Newly hatched Pekin ducklings were derived from Peking

duck breeding farm, Institute of Animal Sciences, Chinese

Academy of Agricultural Sciences, Beijing, China. Their

parents had never received TMUV vaccine. All ducklings were

confirmed to be free of TMUV infection by testing serum

samples using PRNT for antibodies to TMUV (12) and

TMUV-specific real-time quantitative PCR (RT-qPCR) for

viral RNA (30). In all cases, ducks in each group were reared

separately in different isolators. BHK-21 cells were maintained at

37°C in Dulbecco’s modified Eagle’s medium (DMEM;Macgene,

Beijing, China) supplemented with 10% fetal bovine serum (FBS;

Macgene, Beijing, China), 100 U/ml penicillin, and 0.1 mg/

ml streptomycin.
Viruses

The BHK-21 cell-derived Y and PS strains of TMUV were

isolated and propagated previously, which were shown to display

high- and low-virulence for 2-day-old Pekin ducklings

respectively (11). Parental backbone viruses rY and rPS were

rescued from the full-length cDNAs of Y and PS respectively.

Chimeric viruses rPS-YE with the Y entire E gene and rPS-

YNS1-3’UTR with the Y NS1-3’UTR region as well as mutant

viruses R38K, T151A, and R304M that have K38, A151, and

M304 of the E protein of strain Y, respectively, were generated in

the backbone of the rPS genome (Supplementary Figure 1).

Information relating to the generation of these viruses were

described previously (11). Stock viral titers were determined by

plaque assay in BHK-21 cells as described previously (12) and

are expressed as plaque forming unit (PFU) per ml.

To obtain working stocks, viruses were propagated in BHK-

21 cells as described previously (12). For strains Y and PS,

working stocks were prepared by four passages in BHK-21 cells.

Briefly, BHK-21 cells were infected with viruses at a multiplicity

of infection (MOI) of 0.1 PFU/cell at 37°C for 1 h. The cells were

washed three times with phosphate-buffered saline (PBS), and
frontiersin.org
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maintenance medium consisting of DMEM supplemented with

2% FBS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin was

added. After incubation at 37°C for 60 h, the infected cell

cultures were freeze-thawed three times and clarified by

centrifugation and filtration.
Duck experiments

The first experiment was conducted to investigate the

pathogenicity of strain Y in Pekin ducklings with different

ages, employing strain PS as a control virus. A total of 140

newly hatched ducklings were divided into seven groups (n=20).

When the ducklings grew to 3, 5, and 7 days of age, they were

inoculated with virus by intramuscular (im) route at a dose of

2×103 PFU, respectively. The mock-infected control group

received 0.2 ml of supernatant prepared from uninfected

BHK-21 cells by im inoculation at 3 days of age. The

ducklings were monitored for 15 days for mortality.

To systematically compare the virulence of Y and PS in 5-

day-old Pekin ducklings, experimental infections were

performed as described above. In each group (n=60), 20

ducklings were monitored for 15 days for signs of encephalitis

and weight loss as well as mortality, and 40 ducklings were used

for examination of gross lesions and sample collection. Signs of

encephalitis were divided into 5-grade severities of no change,

very mild, mild, moderate, and marked, giving scores 0, 1, 2, 3,

and 4, respectively. The ducklings were weighed once every 2

days between 1 and 15 days pi. Three ducks were randomly

selected from each group at 1, 3, 5, and 7 days pi, and sera and

ethylenediamine tetraacetic acid (EDTA)-anticoagulated bloods

were sampled for detection of viremia and counting of CD4+ and

CD8+ T cells respectively. Subsequently, the selected ducks were

euthanized, tissues (brain, spleen, and thymus) were collected

for measurement of TMUV burden and expression of cytokines

and T cell markers, and spleens were weighed. Tissues collected

at 5 days pi were also used for examination of histopathological
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changes and viral antigens. At 9, 11, 13, and 15 days pi, serum

samples of three ducks were collected from each group. These

sera, together with those collected between 1 and 7 days pi, were

used for detection of neutralizing antibodies. For isolation of Y-

and PS-specific CD4+ and CD8+ T cells and naïve CD4+ and

CD8+ T cells, the EDTA-anticoagulated blood samples were

collected at 9 day pi from infected and uninfected ducklings.

To identify the protein associated with the difference in

cellular immune response between Y and PS, chimeric viruses

(rPS-YE and rPS-YNS1-3’UTR) and their parental viruses (rY

and rPS) were used to infect 5-day-old ducklings (n=23) as

described above. To identify the residues associated with the

difference in cellular immune response between Y and PS,

mutant viruses (R38K, T151A, and R304M) and their parental

viruses (rY and rPS) were used to infect 5-day-old ducklings

(n=23). In each case, a mock-infected control (n=23) was

included, and tissues (brain and thymus) were sampled from

three ducks in each group at 7 days pi for measurement of the

expression of cytokines and T cell markers. For isolation of

R38K-, T151A-, R304M-, rY-, and rPS-specific CD4+ and CD8+

T cells, the EDTA-anticoagulated blood samples were collected

at 9 days pi from ducklings infected with mutant viruses and

their parental viruses.
Quantitation of viral loads in tissue and
serum samples

Viruses in the tissue and serum samples were quantified

using a RT-qPCR assay targeting the E gene. The tissue samples

were processed as 20% homogenates in PBS, followed by

centrifugation at 10,000 g for 10 min. RNA was extracted from

250 ml of each supernatant or serum using a TRIpure reagent

(Aidlab, Beijing, China) and reverse transcribed using a M-MLV

Reverse Transcriptase kit (Promega, Madison, USA), according

to the manufacturer’s instructions. 5 ml of cDNA was mixed with

1 ml of each of forward and reverse primers [Table 1; (30)], 10 ml
TABLE 1 Primers used for measurement of TMUV RNA levels and expression of cellular immune-related genes in tissues of infected Pekin
ducklings by RT-qPCR.

Target Primer sequence (5′!3′) Primer sequence (3′!5′)

TMUV Ea CGCTGAGATGGAGGATTATGG ACTGATTGTTTGGTGGCGTG

Duck IL-2 TAGAAAACCTGGGAACAAGC ATTTCTTCCTCCAAGGTGAC

Duck IL-17 TGCCTACGGGAAGGTGATAC ATTGATGGGGATGGAGTTGA

Duck IFN-a CCTCCCGCCAACGCCTTCTC TGTGCGGCTTGCTGCGTGTC

Duck IFN-b CGCAACCTTCACCTCAGCAT TCTTCATCCGCCGTATTAGC

Duck IFN-g ACCTCGTGGAACTGTCAAAC ACTGGCTCCTTTTCCTTTTG

Duck CD4 ATTTCAACGCCACAGCAGAT CCCAGGAGGGTTAGCAGACA

Duck CD8 CCTGCTTGCTGCTTCTCATT TTGGCACCTTGGGATTCATT

Duck GAPDHb ATGAGAAGTATGACAAGTCC ACTGTCTTCGTGTG TGGCT
aReported previously (30).
bReported previously (31).
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of 2×AceQ qPCR SYBR Green Master Mix (Vazyme, Nanjing,

China), and 3 ml of ddH2O. The RT-qPCR was performed using

the conditions reported previously (30).
Histopathological examination

The tissue samples were fixed in 4% formalin at room

temperature for 24h. Five-mm-thick paraffin-embedded

sections were prepared by a standard protocol (32). After

staining with hematoxylin eosin (H & E), the sections were

checked for histopathological changes under an Olympus

microscope (Olympus, Tokyo, Japan).
Immunohistochemistry

Ten-mm-thick paraffin-embedded sections were prepared by

a standard protocol (33). The sections were strained using mouse

anti-TMUV E monoclonal antibody F3B4 (1:500 dilution in

PBS) (34) and horseradish peroxidase (HRP)-conjugated goat

anti-mouse IgG (1:500 dilution in PBS, Thermo Fisher Scientific,

Shanghai, China). After counterstaining with hematoxylin, the

sections were checked for viral antigen under an Olympus

microscope (Olympus, Tokyo, Japan).
Neutralization assay

Neutralizing antibodies in sera were detected using a

previously reported PRNT (12). First, serial 10-fold dilutions

of each heat-inactivated (56°C for 30 min) sera were mixed with

an equal volume of virus, and incubated at 37°C for 1 h. Second,

BHK-21 cells were inoculated with the virus-serum mixture and

incubated at 37°C in a CO2 incubator 1 h for adsorption. Finally,

the cell cultures were covered with overlay medium consisting of

DMEM containing 1% low melting-point agarose (Macgene,

Beijing, China) and 2% FBS, and the plaque assay was

conducted. Antibody titer is expressed as 50% end point titer

(neutralizing dose, ND50).
Measurement of cytokine mRNA levels
in tissues

RT-qPCR was applied to detect the expression of several

cytokines, including interleukin 2 (IL-2), IL-17, gamma interferon

(IFN-g), and tumor necrosis factor-beta (TNF-b), and T cell

markers, including CD4 and CD8. Sample processing, RNA

extraction, and cDNA synthesis were the same as described

above. 5 ml of cDNA was mixed with 1 ml of each of forward and

reverse primers (Table 1) (31), 10 ml of 2×AceQ qPCR SYBR Green

Master Mix (Vazyme, Nanjing, China), and 4.2 ml of ddH2O. Duck
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glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) was used as

an endogenous control. RT-qPCR was performed for GAPDH and

each cytokine and T cell marker as follows: 95°C for 5 min, followed

by 40 cycles at 95°C for 10 s and 60°C for 30 s, and extension at 72°

for 60s. Relative expression was calculated for each cytokine using a

2-△△ct method (35).
Flow cytometry

Peripheral blood mononuclear cells (PBMCs) were isolated

from the EDTA-anticoagulant blood samples (3ml/duck) using a

duck lymphocyte isolation kit (P5720, Solarbio, Beijing, China),

according to the manufacturer’s instructions. Following sucrose

density gradient centrifugation, PBMCs that were located in a

layer with relative density of 1.050–1.078 g/ml were harvested.

The cells were washed three times and resuspended in 5 ml of

PBS. CD4+ (or CD8+) T cells in PBMCs (3 ml/duck) were

analyzed on a BD Arial Fusion flow cytometry (BD, Franklin,

USA), using mouse anti-duck mAb MCA2478 (or mouse anti-

duck CD8 mAb MCA2479) (Bio-Rad, Shanghai, China) and

fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse

IgG (Thermo, Waltham, USA). Frequencies of CD4+ and CD8+

T lymphocytes in PBMCs were presented with FlowJo 7.6

software (BD, Franklin, USA). To prepare T cells for adoptive

transfer, we conducted a fluorescence-activated cell sorting

(FACS) on the BD Arial Fusion flow cytometry. CD4+ and

CD8+ T cells were sorted from PBMCs.
Adoptive T cell transfer

To compare the T cell-mediated immunity between Y and

PS viruses, adoptive T cell transfer protocol was conducted using

3-day-old Pekin ducklings as recipients. Groups of 23 ducklings

were inoculated by intravenous (iv) route with Y-specific CD4+,

Y-specific CD8+ T cells, PS-specific CD4+, PS-specific CD8+ T

cells, naïve CD4+ T cells, naïve CD8+ T cells (1×107/duck), or

PBS (2 ml/duck). 12 h later, the recipients were challenged by im

route with TMUV Y at a dose of 2×103 PFU. A mock-

transferred, non-challenged group (control) was included,

which was inoculated twice with PBS (2 ml/duck). The

ducklings were monitored for signs of encephalitis, weight

loss, and mortality. Serum samples of three ducklings were

collected from each group between 1 and 15 days after

challenge for measurement of neutralizing antibodies and viral

RNA levels. At 7 days after challenge, three ducklings in each

group were euthanized for measurement of spleen weight, and

their tissues (brain, spleen, and thymus) were sampled for

measurement of viral RNA levels and examination of

histopathological changes.

To compare the T cell-mediated immunity between mutant

viruses and their parental viruses, rY-, rPS-, T151A-, and
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R304M-specific CD4+ and CD8+ T cells were transferred into 3-

day-old ducklings as described above. The ducklings in each

group (n=23) were monitored for mortality. The serum samples

of three ducklings were collected from each of groups receiving

CD4+ T cells between 1 and 15 days after challenge for detection

of neutralizing antibodies. The brain samples of three ducklings

were collected from each of groups receiving CD4+ T cells at 7

days after challenge for measurement of viral RNA levels.
Statistical analysis

All data were analyzed using GraphPad Prism software

(version 5.0) (GraphPad Software Inc., San Diego, CA, United

States). Survival curves were analyzed by the Log-rank test. Viral

RNA levels, neutralizing antibody titers, and cytokine and T cell

marker mRNA levels were analyzed by two-tailed Student t test.

Body weight, spleen weight, and frequencies of CD4+ and CD8+

T cells in PBMCs were analyzed by two-way analysis of

variance (ANOVA).
Results

TMUV Y exhibits different pathogenicity
in pekin ducklings aged 3, 5, and 7 days

Earlier works in our laboratory have shown that following

experimental infection of 2-day-old Pekin ducklings with 5 × 104

PFU of Y or its rescued virus rY by intracerebral or subcutaneous

routes, mortality as high as 90–100% occurred between 4 and 7

days pi (11), which is unfavorable for evaluation of immune

responses against TMUV isolates. Thus, we assessed the
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pathogenicity of Y in 3- to 7-day-old Pekin ducklings by

experimental infections using an im route and a lower

infectivity titer (2×103 PFU). All of the 20 3-day-old infected

ducklings died between 4 and 7 days pi., 10 of the 20 5-day-old

infected ducklings died between 7 and 15 days pi., and two of the

20 7-day-old infected ducklings died at 7 days pi (Figure 1A).

This suggests that Y exhibits moderate pathogenicity in 5-day-

old Pekin duckling model relative to those observed in 3- and 7-

day-old Pekin duckling models. PS retained low pathogenicity,

similar to previously reported pathogenicity in 2-day-old Pekin

duck model (11): 5% (1/20) mortality occurred following

infection at 3 and 5 days of age, and no mortality was

recorded in the case of 7-day-old infection (Figure 1B). These

data indicate that the marked differences in virulence between Y

and PS can be retained in the 5-day-old Pekin duck model, with

Y-induced pathogenic outcome being reduced as compared to

that observed in 2- and 3-day-old Pekin duck models. Thus, use

of the 5-day-old Pekin duckling model can ensure enough

survivors at each time point after infection for testing of

immune responses.
TMUV Y and PS present different
virulence in pekin ducklings aged 5 Days

We further investigated the virulence of strains Y and PS in

terms of clinical signs, mortality, and tissue injure using the 5-

day-old Pekin duck model. Y caused severe signs of encephalitis

within 5 to 9 days pi, including listlessness (10/20), tremor (6/

20), and paralysis (5/20). In ducklings inoculated with PS, small

portion (3/20) displayed signs of listlessness within 7 to 9 days pi

(Figure 2A). Ducklings inoculated with Y and PS had 50% (10/

20) and 5% (1/20) mortality respectively, like those observed
BA

FIGURE 1

TMUV strain Y shows distinct pathogenicity in Pekin ducklings following infection at 3, 5, and 7 days of age. Groups of 20 ducklings were
infected by an im route with virus at a dose of 2×103 PFU, and monitored for mortality for 15 days. Shown are survival curves of ducklings
infected with Y (A) and PS (B). For ducklings infected with Y, significant differences in survival existed between 5-day-old and 7-day-old (P<0.01),
3-day-old and 5-day-old (P<0.001), 3-day-old and 7-day-old (P<0.0001) infected groups.
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above. Infection with Y affected weight gain between 9 and 13

days pi, with weight loss ranging from 18% to 31%, as compared

to uninfected ducklings. Whereas no significant differences in

body weight were detected between PS-infected ducklings and

controls (Figure 2B). Infection with Y and PS both caused injury

to spleen; however, we observed more severe gross lesions (more

than 2-fold enlargement at 7 days pi; P<0.05; Figure 2C) and

microscopic lesions (lymphocyte degeneration, necrosis,

vacuolization, and depletion as well as indistinct interface

between red and white pulp; Figure 2D, up panel) in spleens

of ducklings inoculated with Y when compared to those

observed in PS-infected ducklings. Microscopic lesions

(perivascular lymphocyte infiltration) were observed in brains

of ducklings inoculated with Y, whereas no microscopic lesions

were detected in PS-infected ducklings (Figure 2D, middle
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panel). Similar microscopic lesions were seen in thymuses of

ducklings infected with Y and PS (Figure 2D, bottom panel).

These data confirm that infection with strain Y causes more

severe disease relative to strain PS.

To investigate the contribution of virus replication to

virulence in 5-day-old Pekin ducklings, viral RNA levels were

measured at different time points pi. During the whole

observation period, viral RNA was detectable in all collected

samples of infected ducklings. In general, levels of viral RNA in

all samples of Y-infected ducklings were significantly higher

than in those of PS-infected duckling. Y presented a similar

replication kinetics in spleen and thymus, where similar levels of

viral RNA were detected at a given time point pi; this was also

the case for PS. However, viral RNA levels in Y- and PS-infected

ducklings peaked at 1 and 3 days pi respectively. Moreover, Y
B C

D

A

FIGURE 2

TMUV strain Y is more virulent in 5-day-old Pekin ducklings than strain PS. Groups of 60 ducklings were infected by an im route with virus at a
dose of 2×103 PFU or mock infected, and monitored for 15 days. (A) Number of infected ducklings displaying signs of encephalitis. ++, mild; ++
++, marked. ***, P<0.001. (B) Body weight of infected ducklings. At each time point, data are presented as mean ± standard deviation (SD) of
body weight from all surviving ducklings. Asterisks indicate significant differences between the group infected with Y and the controls (*, P<0.05;
**, P<0.01; ***, P<0.001). (C) Spleen weight of infected ducklings. At each time point, data are presented as mean ± SD of spleen weight from
three ducklings. *, P<0.05; **, P<0.01; ***, P<0.001. (D) Histopathological changes of infected ducklings. Shown necrotic vacuole (yellow
arrows) and indistinct interface between red-pulp and white-pulp (yellow triangles) in spleen, inflammatory cell aggregation (black arrows) in
brain, and increased interstitial hemorrhages of thymic corpuscles (green arrows) in thymus. Bar = 200 mm.
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produced approximately 4- and 16-fold-higher viral RNA levels

in spleen and 7- and 10-fold-higher viral RNA levels in thymus

at 1 and 5 days pi, respectively, relative to PS (Figures 3A, B). A

similar viremia pattern was observed for Y and PS, both of which

produced relatively high levels of viremia as early as 1 day pi and

peak levels of viremia at 3 days pi; however, 3- to 24-fold-higher

viral RNA levels were detected in Y-infected ducklings than in

PS-infected ducklings between 1 and 7 days pi (Figure 3C). Viral

RNA levels in brains of both Y- and PS-infected ducklings

peaked at 3 days pi; however, Y produced 9- and 4-fold-higher

viral RNA levels at 3 and 5 days pi, respectively, as compared to

PS (Figure 3D). Immunohistochemical analysis of brain, spleen,

and thymus revealed the presence of viral antigens in ducklings

infected with both Y and PS. Whereas the immunolabeling was

notably more intense in brain and more widespread in spleen in

Y-infected ducklings than in PS-infected ducklings (Figure 3E).

Collectively, our data indicate that the marked differences in
Frontiers in Immunology 07
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virulence in 5-day-old Pekin duckling model between Y and PS

is associated with their capacity to replicate in the periphery and

the central nervous (CNS) and to produce and sustain the level

of viremia.
TMUV Y and PS induce similar levels of
neutralizing antibody

Earlier works in our laboratory showed that strains Y and PS

elicited comparable levels of neutralizing antibody in a 2-day-old

Pekin duckling model (11). To provide further support to the

neutralizing antibody responses induced by PS and Y, we

repeated the neutralizing antibody analysis using the 5-day-old

Pekin duckling model described above (Figure 4). A similar

kinetics of neutralizing antibody response was observed for Y

and PS, both of which elicited detectable neutralizing antibodies
B C D

E

A

FIGURE 3

TMUV strain Y replicates in Pekin ducklings more efficiently than strain PS. Tissues were sampled from survivors in each group at different time
points pi in experiments shown in Figure 2. Viral RNA levels in spleen (A), thymus (B), serum (C), and brain (D) of three ducklings in each group
were determined at different time points pi by the RT-qPCR assay. Data are presented as mean ± SD. *, P<0.05; **, P<0.01; ***, P<0.001.
Tissues (brain, spleen, and thymus) collected at 5 days pi were subjected to immunohistochemical analysis (E). Paraformaldehyde-fixed,
paraffin-embedded tissues were immunolabeled with the TMUV E-specific mAb F3B4 and HRP-conjugated goat anti-mouse IgG.
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at 5 day pi that peaked at 9 days pi. No significant differences in

neutralizing antibody between Y and PS were detected at any

time point pi. Our data further confirm that TMUV strains Y

and PS induce similar levels of neutralizing antibody response.
TMUV Y induces higher magnitude of
cellular immune responses than PS

The marked differences in virulence and the similarity in

neutralizing antibody responses between Y and PS suggest that

there may be a link between the magnitude of cellular immune

responses and TMUV virulence. To confirm the hypothesis, we

measured the expression of cytokines (IL-2, IL-17, IFN-g, and
TNF-b) and T cell markers (CD4 and CD8) in brain, thymus,

and spleen (Figure 5A) and the frequencies of CD4+ and CD8+ T

cells in PBMCs (Figure 5B) at different time points pi. Infection

with Y induced 2- to 13-fold increases in expression of cytokines

and T cell markers tested in brain and thymus (except CD4

mRNA in thymus) at 5 and 7 days pi (3 and 5 days pi for IFN-g
response in brain; 7 days pi for CD8 expression in brain)

(P<0.05), relative to infection with PS. These data indicate that

strain Y induces stronger cellular immune response in brain and

thymus than strain PS. Infection with Y induced 2- to 4-fold

decreases in expression of IL-2 at 7 days pi, IFN-g at 3 and 5 days
pi, TNF-b at 5 and 7 days pi, and CD8 at 3 dpi (P<0.05) and 2- to
4-fold increases in CD8 expression at 5 and 7 dpi (P<0.05) in

spleen, as compared to infection with PS, suggesting that strain Y
Frontiers in Immunology 08
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exerts an inhibitory effect on expression of cytokines in spleen.

Significant differences in frequency of CD8+ T cells between Y-

and PS-infected ducklings were observed. Infection with Y

resulted in more significant decrease in frequency of CD8+ T

cells at 3 days pi (0.5-fold; P<0.05), and more significant increase

in frequency of CD8+ T cells at 9 and 11 days pi (1-fold and 0.5-

fold, respectively; P<0.05), relative to those observed for PS.

These data reveal a negative correlation between TMUV

virulence and frequency of CD8+ T cells at the peak of viremia

and a positive correlation between TMUV virulence and

frequency of CD8+ T cells after virus clearance from the

circulation. Altogether, these data suggest that strain Y induces

higher magnitude of cellular immune responses than PS, which

can be reflected by measurement of expression of cytokines and

T cell markers in brain and thymus of infected ducklings.
Transfer of Y-specific T cells provide
more significant protection relative to PS

To compare the protection conferred by Y- and PS-specific T

cells, we performed adoptive cell transfer using 3-day-old Pekin

ducklings as recipients. Contrasting with the high mortalities of

ducklings received PBS (100%), naïve CD4+ T cells (90%), and

naïve CD8+ T cells (100%), transfer of Y- and PS-specific CD8+

T cells and Y-specific CD4+ T cells provided significant

protection (100%, 85%, and 75%, respectively) against lethal

infection. Whereas PS-specific CD4+ T cells conferred only 30%
FIGURE 4

TMUV strains Y and PS elicit similar levels of neutralizing antibody in Pekin ducklings. Sera of survivors were collected from each group in
experiments shown in FIGURE 2 were tested for neutralizing antibodies at different time points pi using PRNT. Dotted line indicates cut-off value
defined recently for negative and positive sera (12). Data are presented as mean ± SD of the log10 ND50 from three ducklings.
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A

B

FIGURE 5

TMUV strain Y induces stronger cellular immune response in Pekin ducklings than strain PS. (A) Effect of infections with strains Y and PS on
expression of cytokines (IL2, IL-17, IFN-g, and TNF-b) and T cell markers (CD4 and CD8) in brain, thymus, and spleen of Pekin ducklings. Tissues
of three survivors from each group were collected at different time points pi in experiments shown in FIGURE 2 and tested for relative
expression of the cellular immune-related genes using RT-qPCR. Data are presented as means ± SD. *, P<0.05; **, P<0.01; ***, P<0.001.
(B) Effect of infections with strains Y and PS on frequencies of CD4+ and CD8+ T cells in PBMCs of Pekin ducklings. Y- and PS-specific and
naïve CD4+ and CD8+ T cells were isolated from PBMCs of three survivors from each group at different time points pi and counted. Data are
presented as mean ± SD. Asterisks indicate significant differences between Y and PS viruses (*, P<0.05; **, P<0.01; ***, P<0.001). The # signs
indicate significant differences between the groups infected with Y and the controls(#, P<0.05; ###, P<0.001). The § signs indicate significant
differences between the groups infected with PS and the controls (§, P<0.05; §§, P<0.01; §§, P<0.001).
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protection to recipient ducklings (Figure 6A). Transfer of Y- and

PS-specific CD4+ and CD8+ T cells was also effective in

preventing signs of encephalitis, weight loss, and tissue injury

upon TMUV Y infection, with Y-specific T cells being more

effective than PS-specific T cells (Supplementary Figures 2, 3).

Together, these data indicate that Y-specific T cells induce

stronger protection against TMUV-related disease than PS-

specific T cells and that for TMUV, CD8+ T cells induce

stronger protection against TMUV-related disease than CD4+

T cells.
Frontiers in Immunology 10
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To investigate the contribution of Y- and PS-specific T cells

in production of neutralizing antibodies, we determined

neutralizing antibody titers between 1 and 15 days after

challenge with strain Y. Significantly higher levels of

neutralizing antibody were detected in ducklings received

TMUV-specific CD4+ T cells between 1 and 7 days after

challenge, as compared to those derived from ducklings

received PBS and naïve CD4+ T cells. The neutralizing

antibodies in ducklings received Y- and PS-specific CD4+ T

cells peaked at 5 and 7 days after challenge, respectively. By
B

C

D

A

FIGURE 6

CD4+ and CD8+ T cells participate in protective response to TMUV. Groups of 23 3-day-old recipient ducklings were inoculated by iv route with
Y-specific CD4+ T cells (Y CD4+ T cell), PS-specific CD4+ T cells (PS CD4+ T cell), Y-specific CD8+ T cells (Y CD8+ T cell), PS-specific CD8+ T
cells (PS CD8+ T cell)), naïve CD4+ T cells (Naive CD4+ T cell), naïve CD8+ T cells (Naive CD8+ T cell) (107/duck), or PBS. The recipient ducklings
were challenged by im route with 2×103 PFU of TMUV Y 12 h later, and monitored for 15 days. (A) Survival curves of recipient ducklings.
Significant difference in survival was detected between groups received Y- and PS-specific CD4+ T cells (P<0.01); PS-specific and naïve CD4+ T
cells (P<0.05); and Y-specific and naïve CD4+ T cells, Y-specific and naïve CD8+ T cells, and PS-specific and naïve CD8+T cells (P<0.0001). (B)
Effect of transferred CD4+ (left) and CD8+ (right) T cells on the production of neutralizing antibodies in recipient ducklings. Neutralizing
antibodies in sera were determined using PRNT. Data are presented as mean ± SD of the log10 ND50 from three ducklings. Asterisks indicate
significant differences between groups received Y- and PS-specific T cells (*, P<0.05). The # signs indicate significant differences between Y-
specific T cells adoptive groups and the control (#, P<0.05; ##, P<0.01; ###, P<0.001). The § signs indicate significant differences between PS-
specific T cell adoptive group and the control (§, P<0.05; §§, P<0.01; §§, P<0.001). (C) Effect of transferred CD4+ and CD8+ T cells on viral RNA
levels in tissues (spleen, thymus, and brain) of recipient ducklings at 7 days after challenge. Data are presented as mean ± SD of the log10 RNA
copies per mg of tissue from three ducklings. **, P<0.01; ***, P<0.001. (D) Effect of transferred CD4+ and CD8+ T cells on viremia of recipient
ducklings between 1 and 9 days after challenge. Data are presented as mean ± SD of the log10 RNA copies per ml for sera from three ducklings.
The # signs indicate significant differences between Y-specific T cells adoptive group and the control (#, P<0.05; ###, P<0.001). The § signs
indicate significant differences between PS-specific T cells adoptive group and the control (§, P<0.05; §§§, P<0.001).
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comparison, the neutralizing antibodies in ducklings received

naïve CD4+ T cells peaked at 11 days after challenge. In addition,

significantly higher levels of neutralizing antibody were detected

in ducklings received Y-specific CD4+ T cells between 3 and 5

days after challenge than in ducklings received PS-specific CD4+

T cells (Figure 6B, left panel). These data indicate that TMUV-

specific CD4+ T cells provide help for neutralizing antibody

response, whereas Y-specific CD4+ T cells contribute to a more

beneficial effect on production of neutralizing antibodies than

PS-specific CD4+ T cells. All ducklings received naïve CD8+ T

cells died before 7 days after challenge. There was no significant

difference in neutralizing antibody response between groups

received TMUV-specific CD8+ T cells and naïve CD8+ T cells

within 1 to 5 days after challenge, and between groups received

Y- and PS-specific CD8+ T cells within 1 to 15 days after

challenge (Figure 6B, right panel). These data indicate that Y-

and PS-specific CD8+ T cells make no contribution to

neutralizing antibody response.

To compare the effect of Y- and PS-specific T cells on viral

load, we measured viral RNA levels in tissues (brain, spleen, and

thymus) at 7 days after challenge and in serum samples between

1 and 9 days after challenge (Figures 6C, D). Adoptive transfer of

Y- and PS-specific CD4+ T cells reduced viral RNA levels in

brain (353-fold and 59-fold, respectively; P<0.001), and had no

significant effect on viral RNA levels in spleen, thymus, and

serum. By comparison, transferred Y- and PS-specific CD8+ T

cells reduced viral RNA levels in brain (1549-fold and 590-fold,

respectively; P<0.001), spleen (355-fold and 252-fold,

respectively; P<0.001), and thymus (443-fold and 157-fold,

respectively; P<0.001) and in serum (32- to 103-fold and 28-

to 38-fold, respectively; P<0.001) between 1 and 5 days after

challenge, and cleared virus from the blood at 7 days after

challenge. There was no significant difference in viral RNA levels

in brain, spleen, thymus, and serum between groups received Y-

and PS-specific CD8+ T cells. Overall, our data suggest that

virus-specific CD8+ T cells play an important role in clearing

infection from tissues and preventing virus persistence, with Y-

and PS-specific CD8+ T cells being similar in this function.
The E protein plays a major role in
determining the differences in cellular
immune response between Y and PS

To determine which protein is responsible for the differences

in cellular immune response between Y and PS, 5-day-old Pekin

ducks were infected with chimeric viruses rPS-YE and rPS-

YNS1-3’UTR and control viruses rY and rPS. We measured the

expression of IL-2, IL-17, IFN-g, TNF-b, CD4, and CD8 mRNAs

in brain and thymus at 7 days pi (Figure 7A). rY and rPS

behaved like Y and PS (Figure 5A) respectively. Infection with

rPS-YE significantly increased the levels of IL-2, IL-17, TNF-b,
and CD8 in brain and thymus, CD4 in brain, and IFN- g in
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thymus, and significantly reduced the levels of IFN-g in brain

and CD4 in thymus, as compared to those observed for the

parental backbone virus rPS. As a result, rPS-YE infection

induced mRNAs of these cytokines and T cell makers to

similar levels as measured for rY. In general, infection with

rPS-YNS1-3’UTR had little or no contribution to the expression

of cytokines (except TNF-b) and T cell markers in brain and

thymus (P<0.05). These data indicate that the E protein plays a

major role in determining the differences in cellular immune

response between Y and PS.
The T151A and R304M mutations in the E
protein contribute to significant
enhanced cellular immune response
to TMUV

We then identify E protein residues responsible for the

differences in cellular immune response between Y and PS. 5-

day-old Pekin ducklings were infected with the R38K, T151A,

and R304M mutant viruses and the rY and rPS control viruses,

and the levels of IL-2, IL-17, IFN-g, TNF-b, CD4, and CD8

mRNAs in brain and thymus were measured at 7 days after

infection (Figure 7B). In this experiment, rY and rPS also

behaved like Y and PS (Figure 5A) respectively. Infections

with both T151A and R304M significantly increased the levels

of IL-2, IL-17, TNF-b, and CD8 in brain and thymus, IFN-g in
thymus, and CD4 in brain, as compared to infection with the rPS

parental backbone virus (P<0.05). Thus, both T151A and

R304M induced mRNAs of these cytokines and T cell makers

to similar levels as measured for rY. Infection with R38K had

little or no effect on expression of the tested cytokines (except

TNF-b in thymus) and T cell markers in brain and thymus

(P<0.05). Our data indicate that mutations T151A and R304M

in the E protein contribute to the differences in cellular immune

response between Y and PS.
Mutations of E protein residues 151 and
304 affect CD4+ T cell-mediated
immunity

Our studies indicate that the marked differences in CD4+ T

cell-induced protection and neutralizing antibody response and

some differences in CD8+ T cell-induced protection exist

between Y- and PS-infected ducklings, which might be

attributed to E protein residues 151 and 304. To confirm the

hypothesis, CD4+ and CD8+ T cells from ducklings infected with

mutant viruses T151A and R304M were used in the adoptive

transfer experiments.

We evaluated adoptive transfer of CD8+ T cells from

ducklings infected with mutant viruses T151A and R304M for

its effect on protection of recipient ducklings from lethal
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challenge (Figure 8A). Survivals in groups received T151A-and

R304M-specific CD8+T cells (80% and 75%, respectively) were

comparable to those in group received rPS-specific CD8+ T cells

(75%), but lower than those in group received rY-specific CD8+T

cells (100%). The result indicates that the R304M and T151A

mutations have little or no contribution to CD8+ T cell-

mediated protection.

We assessed adoptive transfer of CD4+ T cells from

ducklings infected with mutant viruses T151A and R304M for

its effects on protective capacity, neutralizing antibody response,

and TMUV burden in brain (Figures 8B–D). Varying degrees of
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increases in survival occurred in group received T151A- and

R304M-specific CD4+T cells (50% and 65%, respectively), as

compared to that in group received rPS-specific CD4+T cells

(20%). The data indicate that both T151A and R304Mmutations

contribute to markedly enhanced CD4+ T cell-induced

protective efficacy, with the R304M mutation contributing

more to protection against lethality. Neutralizing antibodies in

ducklings received rPS-specific CD4+T cells peaked at 7 days

after challenge. By comparison, neutralizing antibodies in

ducklings received T151A- and R304M-specific CD4+T cells

peaked 2 days earlier, like that observed for rY-specific CD4+T
BA

FIGURE 7

E protein residues 151 and 304 are responsible for the differences in cellular immune response between Y- and PS-infected Pekin ducklings.
Groups of 23 5-day-old ducklings were inoculated with virus at a dose of 2×103 PFU of virus or mock infected. (A) Expression of cellular
immune-related genes in ducklings infected with chimeric (rPS-YE and rPS-YNS1-3’UTR) and control (rPS and rY) viruses. (B) Expression of
cellular immune-related genes in ducklings infected with mutant (R38K, T151A, and M304R) and control (rPS and rY) viruses. The expression of
the cellular immune-related genes in tissues (brain and thymus) of three individuals in each group was determined at 7 days pi using RT-qPCR.
Data are represented as mean ± SD. *, P<0.05; **, P<0.01; ***, P<0.001.
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cells. The levels of neutralizing antibody detected in ducklings

received T151A-, R304M-, and rY-specific CD4+T cells between

1 and 5 days after challenge were similar, all of which were

higher than those detected in ducklings received rPS-specific

CD4+T cells, with significant higher antibody titers occurring at

5 days after challenge. These data indicate that both R304M and

T151A mutations contribute to significantly increased CD4+ T

cell-mediated neutralizing antibody response. The levels of viral

RNA detected in brain of ducklings received T151A- and

R304M-specific CD4+T cells at 7 days after challenge were

similar to those derived from ducklings received rPS-specific

CD4+T cells, indicating that both R304M and T151A mutations

have no contribution to CD4+ T cell-mediated viral clearance

from the brain.
Discussion

The primary goal of the present study was to investigate the

protective role for TMUV-specific CD4+ and CD8+ T cells by
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using the high-virulence TMUV strain Y and the low-virulence

TMUV strain PS. Because strain Y caused very high mortality in

recently reported 2-day-old Pekin duckling model (11), we first

evaluated the pathogenicity of strain Y in 3, 5, and 7-day-old

Pekin ducklings. We showed that strain Y presented distinct

pathogenicity in 3-, 5-, and 7-day-old Pekin ducklings,

indicating that the pathogenic outcome is age dependent even

in the age range of 3 to 7 days. Strain Y presented a lower

virulence phenotype in 5-day-old Pekin ducklings and a

similarly high virulence phenotype in 3-day-old Pekin

ducklings when compared with that observed in 2-day-old

Pekin ducklings (11). Thus, the 5-day-old-Pekin duck model is

a useful tool for the assessment of immune responses to TMUV

strains with different virulence phenotypes, whereas the 3-day-

old Pekin duckling model can be used as recipients in the

adoptive transfer experiments.

The present observation confirmed recent findings in which

TMUV strains Y and PS were shown to elicit comparable levels

of neutralizing antibody in 2-day-old Pekin duck model (11).

This indicates that the neutralizing antibody response fails to
B

C D

A

FIGURE 8

E protein residues 151 and 304 contribute to the differences in T cell-mediated immunity between Y- and PS-infected Pekin ducklings. Groups
of 23 3-day-old recipient ducklings were inoculated by iv route with rY-specific CD4+ T cells (rY CD4+ T cell), rPS-specific CD4+ T cells (rPS
CD4+ T cell), T151A CD4+ T cells (T151A CD4+ T cell), R304M CD4+ T cells (R304M CD4+ T cell), rY-specific CD8+ T cells (rY CD8+ T cell), rPS-
specific CD8+ T cells (rPS CD8+ T cell)), T151A CD8+ T cells (Naive CD8+ T cell), R304M CD8+ T cells (R304M CD8+ T cell) (107/duck). The
recipient ducklings were challenged by im route with 2×103 PFU of TMUV Y 12 h later, and monitored for 15 days. (A) Effect of transferred
T151A- and R304M-specific CD8+ T cells on survival of recipient ducklings. (B) Effect of transferred T151A- and R304M-specific CD4+ T cells on
survival of recipient ducklings. Significant difference in survival was detected between groups received T151A- and rPS-specific CD4+ T cells
(P<0.05) as well as R304M- and rPS-specific CD4+ T cells (P<0.01) groups. (C) Effect of transferred T151A- and R304M-specific CD4+ T cells on
neutralizing antibody response in recipient ducklings. Neutralizing antibodies in sera were determined using PRNT. Data are presented as mean
± SD of the log10 ND50 from three ducklings. Asterisks indicate significant differences between groups received T151A- and rPS-specific T CD4+

cells (*, P<0.05). The # signs indicate significant differences between R304M- and rPS-specific CD4+ducklings (#, P<0.05). (D) Measurement of
TMUV burden in ducklings received CD4+ T cells. Viral RNA levels in brain of three ducklings in each group were determined at 7 days after
challenge by the RT-qPCR assay. Data are presented as mean ± SD.
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correlate with the difference in virulence between Y and PS.

Considering that PS elicits significantly higher levels of

neutralizing antibody than those observed for sufficiently

attenuated PS180 strain derived from 180 passages of PS in

BHK-21 cells (26), we can conclude that no correlation exists

between the levels of neutralizing antibodies and virulence above

a baseline level of low virulence represented by PS. In the

investigation of Y- and PS-induced cellular immune responses,

we observed more marked IL-2, IL-17, IFN-g, and TNF-b
responses and higher up-regulation of CD4 and CD8 genes at

5 and 7 days pi as well as more markedly increased frequencies of

CD8+ T cells between 7 and 11 days pi in Y-infected ducklings

than in PS-infected ducklings. These findings indicate that strain

Y elicits stronger cellular immune response than PS, suggesting a

positive correlation between the magnitude of TMUV-specific T

cell immune response (especially CD8+ T cell response) and the

virulence of TMUV.

We observed that the viral RNA levels in brain, thymus,

spleen, and blood in both Y- and PS-infected ducklings tended to

decline from 3 to 7 days pi, indicating that virus-induced

immune responses have exerted their functions in inhibiting

virus replication, limiting virus dissemination, clearing infection

from tissues, and preventing viral persistence. The levels of viral

RNA in Y-infected duckling were reduced to those in PS-

infected ducklings at 7 days pi, suggesting a role of the excess

of Y-specific T cell immunity over PS-specific T cell immunity in

controlling TMUV burden. It is likely that more rapid clearance

of virus from the blood of PS-infected ducklings than from Y-

infected ducklings might be attributed to the role of

glycosaminoglycan-binding motif at residue 304 in the E

protein of PS. TMUV burden in brain of both Y- and PS-

infected ducklings were reduced more slowly as compared to

those in the extraneural tissues, which might be associated with

immune responses in the CNS involve recruitment of peripheral

immune cells to the CNS (36–38).

Using adoptive T cell transfer, we demonstrated that Y-

specific CD4+ T cells and Y- and PS-specific CD8+ T cells

provided significant protection against a lethal infection with

TMUV Y, indicating a crucial role of T cells in the protective

immune response to TMUV. CD8+ T cells were shown to confer

more robust protection to recipient ducklings than CD4+ T cells,

suggesting that for TMUV, similarly to dengue virus (DENV)

(39, 40), CD8+ T cells are more relevant to the control of

TMUV-related disease. It is interesting to observe a more

marked difference in protection between Y- and PS-specific

CD4+ T cells in comparison to that between Y- and PS-

specific CD8+ T cells. This may indicate that the difference in

T cell-mediated protective immune response between Y and PS

is primarily attributed to CD4+ T cells.

The measurement of neutralizing antibodies in sera and

viral RNA levels in tissues revealed that for TMUV, CD4+ T

cells primarily made contribution to the production of

neutralizing antibodies, and CD8+ T cells primarily mediated
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viral clearance for brain, thymus, spleen, and blood, similar to

other flaviviruses (e.g., DENV, West Nile virus, Japanese

encephalitis virus, and yellow fever virus) (39, 41–45).

Nevertheless, TMUV-specific CD4+ T cells also mediated

viral clearance from the brain, similar to DENV-specific

CD4+ T cells (44). Whereas Y- and PS-specific CD4+ T cells

were distinct from each other in terms of contribution to

neutralizing antibody response and viral clearance from the

brain. It is likely that the difference in T cell-mediated

protective immune response between Y and PS can be

attributed to the different contribution of Y- and PS-specific

CD4+ T cell to the production of neutralizing antibodies and

the clearance of virus from the brain.

From studies on expression of cytokines and T cell markers

in ducklings infected with chimeric and mutant viruses we

conclude that E protein residues 151 and 304 are the key

determinants of the magnitude of TMUV-specific T cell

immune response. Based on adoptive transfer of mutant virus-

specific T cells, this work has also shown that E protein residues

151 and 304 are the key determinants of protection against lethal

infection and neutralizing antibody production mediated by

TMUV-specific CD4+ T cells. We observed that the

contribution of both T151A- and R304M-specific CD4+ T cells

to protection and antibody production failed to achieve the levels

conferred by rY-specific CD4+ T cells, suggesting that a

combination of the T151A and R304M mutations might

synergistically enhance virus-specific CD4+ T cell immunity.

Previous studies with other flaviviruses (e.g., DENV and

JEV) have shown that CD4+ T cells mainly target the E, C, and

NS1 proteins, whereas CD8+ T cells preferentially recognize the

NS3, NS4B, and NS5 proteins (46–52). We speculate that E

protein residues 151 and 304 are likely to be located within one

of epitopes recognized by TMUV-specific CD4+ T cells, that the

difference in viral clearance from the brain between Y- and PS-

specific CD4+ T cells might be associated with one or more of the

three residues in the NS1 protein that differ between Y and PS

(11), and that the difference in protection between Y- and PS-

specific CD8+ T cells could be related to one or more of the 10

residues in NS2A, NS3, NS4B, and NS5 proteins that differ

between Y and PS (11). Further studies are needed to confirm

the hypothesis.

Taken together, our studies demonstrate a critical role of

CD4+ and CD8+ T cells in the protective immune response and

the control of TMUV infection. A positive correlation exists

between the virulence of TMUV and T cell immunity, including

CD8+ T cell-mediated protection and CD4+ T cell-mediated

protection, neutralizing antibody response, and viral clearance

from the brain. We have also demonstrated that the difference in

CD4+ T cell-mediated immunity is mainly related to residues

151 and 304 in the E protein. Our studies contribute to the better

understanding of the role of T cell immunity in the protective

immune response and the molecular basis of TMUV-induced

CD4+ T cell immunity.
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I’ve looked at gut from both
sides now: Gastrointestinal tract
involvement in the pathogenesis
of SARS-CoV-2 and HIV/SIV
infections
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Minali Tare1,4, Jason M. Brenchley3‡ and Cristian Apetrei2,4*‡

1Department of Pathology, School of Medicine, University of Pittsburgh, Pittsburgh, PA, United
States, 2Department of Infectious Diseases and Microbiology, Graduate School of Public Health,
University of Pittsburgh, Pittsburgh, PA, United States, 3Barrier Immunity Section, Laboratory of Viral
Diseases, Division of Intramural Research, National Institute of Allergy and Infectious Diseases,
National Institutes of Health, Bethesda, MD, United States, 4Division of Infectious Diseases,
Department of Medicine, School of Medicine, University of Pittsburgh, Pittsburgh, PA, United States
The lumen of the gastrointestinal (GI) tract contains an incredibly diverse and

extensive collection of microorganisms that can directly stimulate the immune

system. There are significant data to demonstrate that the spatial localization of

the microbiome can impact viral disease pathogenesis. Here we discuss recent

studies that have investigated causes and consequences of GI tract pathologies

in HIV, SIV, and SARS-CoV-2 infections with HIV and SIV initiating GI pathology

from the basal side and SARS-CoV-2 from the luminal side. Both these

infections result in alterations of the intestinal barrier, leading to microbial

translocation, persistent inflammation, and T-cell immune activation. GI tract

damage is one of the major contributors to multisystem inflammatory

syndrome in SARS-CoV-2-infected individuals and to the incomplete

immune restoration in HIV-infected subjects, even in those with robust viral

control with antiretroviral therapy. While the causes of GI tract pathologies

differ between these virus families, therapeutic interventions to reduce

microbial translocation-induced inflammation and improve the integrity of

the GI tract may improve the prognoses of infected individuals.

KEYWORDS

HIV - human immunodeficiency virus, SIV, SARS-CoV-2, AIDS - acquired
immunodeficiency syndrome, COVID - 19, inflammation, microbial translocation,
barrier integrity
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Introduction

Differently from Joni Mitchell, the Canadian-American

singer-songwriter and painter who doesn’t know love at all (in

spite of looking at it from both sides), we know gastrointestinal

(GI) tract tissue as an immune organ very well. It contains about

80% of the total leukocytes in the body (1), and most of the

human microbiota (2–4) (Figure 1A). The GI tract is constantly
Frontiers in Immunology 02
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exposed to foreign antigens from food and this exposure is

critical for normal development of the mucosal immune system

and immune tolerance (5–8).

The GI tract has the largest surface area exposed to the

environment and the intestinal epithelia confers protection

against toxic substances from food and microbes, both those

normally present in the human microbiome, as well as those

carried with food and water. The intestinal mucosal barrier is
A

B

C

FIGURE 1

Pathways of the gastrointestinal tract damage in HIV/SIV and SARS-CoV-2 infections. (A) Normal GI tract is a continuous barrier which protects
the internal milieu by the damage of an enormous microbiota existent in the GI lumen. This barrier is multistratified, being represented by
mucus, a continuous intestinal epithelium, and immune effectors that capture translocated microbes. (B) While HIV/SIV penetrates the body at
mucosal sites, GI infection occurs through systemic seeding. CD4+ T cell destruction and the inflammatory responses contribute to the
destruction of the mucosal barrier from within, leading to the translocation of the intestinal flora in the lamina propria and then systemically;
(C) SARS-CoV-2 infection of the enterocytes (that express high levels of the ACE-2 and TMPRSS-2 receptor) produce direct epithelial
destructions also leading to translocation of the intestinal microbiota to the lamina propria and then systemically. Mucosal damage is both a
major determinant of long COVID, as well as of an incomplete immune recovery even in HIV-infected individuals receiving suppressive
antiretroviral therapy. Was created with BioRender.com.
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multilayered, with intestinal mucus, commensal bacteria, GI

tract epithelium and the lamina propria immune system all

contributing to host defense (9, 10) (Figure 1A). Protection is

not limited to a physical barrier, but includes numerous active

cell populations that exert secretory functions: goblet cells which

produce mucus glycoproteins (11, 12); Paneth cells which

produce antimicrobials that have the ability to specifically lyse

bacteria (13); and B cells from the lamina propria which produce

immunoglobulins (IgA) that capture bacteria that arriving to

this gut level, preventing their successful translocation

(14) (Figure 1A).

Breaches of the mucosal integrity of the GI tract are central

to the pathogenesis of multiple chronic metabolic, autoimmune,

and aging-related diseases (9, 10). Multiple infections can alter

the integrity of the mucosal barrier including (15): human and

simian immunodeficiency viruses (16–21); influenza virus

infection (22); dengue (23); hepatitis B virus infection (24);

hepatitis C virus infection (25); and SARS-CoV-2 (26, 27).

Furthermore, the quality of our intestinal microbiome is

driving our overall morbidity (28–32). An inflammatory flora,

such as the one associated with a Western diet (i.e. rich in

saturated fats and sugars) drives a state of chronic inflammation,

which triggers multiple systemic diseases and is roughly

responsible for more than 50% of the deaths on the planet

(33). Replacement with a healthy diet (i.e., Mediterranean diet

rich in fiber, minerals and vitamins, and Omega 3) can alter the

microbiome in as little as 3 weeks and change its phenotype to an

anti-inflammatory one (34–42).

The interplay of the GI tract immune system and pathogens

which disrupt this complex mucosal barrier is critically

important in understanding pathogenesis, and providing

targets for reducing damage. We will explore the well-studied

impacts of HIV and SIV on the GI tract in addition to the

parallels and distinctions that can be made in a recently emerged

pandemic virus, SARS-CoV-2, and its corresponding disease,

COVID-19.

Breaching the barrier from within:
Mucosal pathogenesis of HIV and
SIV infection

Even since the discovery of HIV, the involvement of the GI

tract in the pathogenesis of AIDS was suggested by the high

frequency of the gut dysfunction and wasting disease (43). Yet,

the paradigm of HIV infection as a mucosal disease emerged

only after the detailed characterization of the interactions

between HIV and SIVs and their CD4-expressing target cells.

It was reported that only the CD4+ T cell subsets that expressed

high levels of CCR5 (i.e. central memory cells, transitional

memory cells, and effector memory cells) are preferentially

targeted by HIV and SIV (44–47) and that the main reservoir

is represented by the central memory cells (48). From a
Frontiers in Immunology 03
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functional perspective, Th-17 CD4+ T cells contribute to the

maintenance of the gut integrity and are preferentially lost

during progressive HIV and SIV infections (49–51). As such,

since the vast majority of the effector memory cells are located at

mucosal surfaces, numerous studies have shown that the first

major immunologic injury inflicted by HIV/SIV to the immune

system is the massive depletion of mucosal CD4+ T cells (>95%)

that occurs at the mucosal sites within three weeks from

infection (52–54). As memory CD4+ T cells are the

preferential targets of HIV infection, their depletion is more

prominent at the effector sites, such as the lamina propria,

compared to inductive sites (i.e. the Peyer patches) which

contain naïve CD4+ T cells (55). CD4+ T cell depletion within

effector sites persists throughout chronic infection, irrespective

of the virological and clinical outcome (56). Furthermore,

differently from the circulating CD4+ T cells, which can be

rapidly restored to preinfection levels after administration of

combination antiretroviral therapy (cART), mucosal CD4+ T

cell restoration is slow and incomplete (35-50% from the

baseline levels) (56–58).

The severe immunologic insult produced following the

interactions between HIV/SIV and their target cells within the

GI tract trigger key pathogenic features of chronic SIV/HIV

infection that drive disease progression (Figure 1B). Indeed,

Th17 cells contribute to the maintenance of GI tract immunity

through induction of mucins, claudins, and defensins, which are

key components of the mucosal junctions and have

antimicrobial activities; therefore, loss of Th17 cells directly

compromises mucosal integrity (59). Their loss results in

reduced levels of IL-17 and IL-22, which promote the

recruitment of neutrophils and myeloid cells at the effector

sites of the mucosa and lead to growth of epithelial cells (59–

61). Alteration of the Th17/Treg ratio is associated with

increased indoleamine-2,3-dioxygenase (IDO) expression by

antigen-presenting cells (62–65). IDO is involved in the

tryptophan metabolization (64), and IDO metabolites directly

inhibit Th17 cell differentiation (66). IDO increases are also

associated with decreased frequencies of CD103 antigen-

presenting cells, which can induce Th17 cells (67). Altogether

these features, which are specifically associated with pathogenic

SIV infection and absent during the SIV infection of natural

NHP hosts (in which Th17 cells are preserved) (49, 51), point to

a vicious circle that leads to a continuous depletion of the Th17

population, the consequence of which is the occurrence and

intensification of the mucosal damage during HIV/

SIV infections.

The impact of HIV/SIV infection on the innate immune cell

populations at the mucosal sites has also been extensively

investigated. Progressive HIV and SIV infections lead to a

reduction of both plasmacytoid dendritic cells (pDCs) and

myeloid dendritic cells (mDCs) in both the peripheral blood

and spleen, and alter their homing to the gut (68). Progressive

infection leads to their excessive activation, leading to increased
frontiersin.org
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turnover in tissues (68). Similar profiles of increased apoptosis

and an altered functional profile upon HIV/SIV infections are

observed for the gut-resident innate lymphocyte type III cells

(69–71). As a result, instead of facilitating control of the virus

through recruitment to the mucosal sites, the innate immune

cells produce excess of cytokines; meanwhile their high mortality

triggers release of more inflammatory cytokines by the

surrounding cells, further enhancing mucosal inflammation

and epithelial cell activation (72). Interestingly, mDC and

macrophage recruitment to the mucosal sites also occurs

during the nonprogressive SIV infections of the natural hosts

or controller rhesus macaques (68). This process is, however,

only transient, is not associated with excessive production of

inflammatory cytokines, and does not result in their excessive

death, strongly suggesting that the fate of the immune cell

subsets and their functions in the GI tract is driven by the

local environment (73). As such, the current view is that, being

programmed to fight against the infections, the innate cells

migrate to the gut in progressive, as well as in nonprogressive

and controlled SIV infections. Yet, the innate cells become

hyperactivated only in the pathogenic infections, due to their

mucosal environment, which is altered by both the virus and

translocated microbial products, and thus further fuel the

inflammation, deepen the damage of the mucosal barrier, and

contribute to the negative outcome of HIV/SIV infection (74,

75) (Figure 1B).

The HIV/SIV-associated immunological alterations at the

mucosal sites result in structural and functional pathologies of

the GI tract. Virus replication, inflammation and immune

activation together with bystander apoptosis of the epithelial

cells throughout the GI tract result in enterocyte loss and

alterations of mucosal integrity (16). Progressive HIV and SIV

infections trigger enterocyte loss through multiple mechanisms:

(i) the virus itself can decrease glucose uptake by enterocytes

through a Tat-mediated microtubule disruption or through

GP120 binding to GPR15 on epithelial cells (76, 77); (ii)

increased enterocyte apoptosis occurs through bystander

effects, similar to other colitis (i.e. celiac disease) (78); (iii)

excessive production of inflammatory cytokines (i.e., tumor

necrosis factor-TNFa by innate and adaptive immune cells

from the lamina propria) at the mucosal sites lead to increased

apoptosis of the epithelial cells and perturbations of the tight

junction epithelial barrier (79); and (iv) loss of IL22-producing

innate lymphoid cells and Th17 cells leads to decreased

proliferation of enterocytes (59, 61). Loss of epithelial GI tract

integrity through any of these mechanisms in progressive HIV/

SIV infection is associated with inflammation (80–83).

Enterocyte loss and subsequent intestinal alterations are

associated with: (i) low levels of serum citrulline (a protein that

is produced by the enterocytes); (ii) decreased ratio of the villous

height/crypt depth (i.e., atrophy) (84); (iii) hyperproliferation of

the crypt stem cells (resulting in malabsorption) (85); (iv)

Increased plasma levels of the biomarkers of enterocyte damage,
Frontiers in Immunology 04
135
i.e., intestinal fatty acid binding protein (I-FABP) (86); (v)

abnormal enterocyte differentiation through alterations of the

sodium glucose transport and of the concentrations of

intraepithelial calcium (87–89). GI tract dysfunction occurs as

early as 14 days during progressive HIV/SIV infections and is

associated with colitis, diarrhea, and malabsorption (43, 90).

These pathologies are specific to pathogenic SIV infections

in macaques and absent during nonpathogenic SIV infections of

the African nonhuman primates that are natural hosts of SIV

(91–93). In these species, the mucosal lesions characteristic to

pathogenic SIV infections do not occur during either the acute

or chronic stages of infection (84, 94) due to an exquisite ability

to maintain gut health throughout the SIV infection (94, 95).
Breaching the barrier from outside:
Mucosal pathogenesis of SARS-
CoV-2 infection

SARS-CoV-2 is the etiological agent of COVID-19, a

respiratory disease characterized by severe pneumonia and a

plethora of symptoms suggestive of viral pneumonia: cough and

sputum production, sore throat, shortness of breath, fever,

myalgia, and fatigue (96–99). However, despite SARS-CoV-2

infection’s main clinical presentation as a respiratory tract

infection, it may also cause symptoms associated with multiple

organs, including the GI tract (diarrhea, anorexia, nausea,

vomiting, and abdominal pain), liver (abnormal enzymes

levels), pancreas (pancreatitis), kidney (proteinuria and

hematuria, abnormal creatinine levels), brain (strokes, seizures,

confusion, and brain inflammation), heart and blood vessels

(elevations of cardiac injury biomarkers, palmus, chest distress,

cardiac inflammation and injury, arrhythmias, and blood clots),

eyes (conjunctivitis, membrane inflammation), anosmia (loss of

smell), and ageusia (loss of sense of taste) (100–124).

To enter target cells, SARS-CoV-2 engages angiotensin-

converting enzyme 2 (ACE2) as the entry receptor and serine

protease TMPRSS2 for the Spike (S) protein priming (125, 126).

Use of ACE2 is shared with SARS (127), but not with MERS,

which uses a different receptor, DPP4 (128). ACE2 is widely

distributed in the body, being identified in up to 72 tissues (129),

and SARS-CoV-2 infection is likewise highly disseminated

(130). The ACE2 protein is expressed in enterocytes, renal

tubules, gallbladder, cardiomyocytes, male reproductive cells,

placental trophoblasts, ductal cells, eyes, and vasculature (131).

Notably, limited ACE2 expression is observed in the respiratory

system both on the protein and mRNA level (132). However, a

relatively limited number of cells express high levels of both

ACE2 and TMPRSS2: Type II pneumocytes, nasal secretory cells,

and absorptive enterocytes (131).

ACE2 expression in the human respiratory tract is highly

heterogenous, being highest within regions of the sinonasal
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cavity (in the nasal ciliated cells) and pulmonary alveoli; these

are the sites of viral transmission and severe disease

development, respectively (133–137). In the lung parenchyma,

ACE2 is expressed on the apical surface of a small subset of

alveolar type II cells, where it was colocalized with TMPRSS2

(133–137). Interestingly, ACE2 protein expression is not

reported to be lower in children, who have a lower incidence

of severe COVID-19, in some studies (133); however, other

investigations have described lower levels of the protein

transcript in children’s airways (138).

ACE2 expression is increased in physiologic and pathologic

circumstances: smoking is correlated with increased expression

of the ACE2 gene in the upper airway, but lower expression in

certain lung cells (139). As such, smokers are 14 times more

likely to develop a severe form of the disease (140). Interferon

and influenza increase ACE2 in human nasal epithelia and lung

tissue (131). Some ACE2 inhibitors (i.e. lisinopril) have the

ability to raise tissue levels of ACE2 in mice (141), while other

studies did not find an increase of ACE2 expression in people

treated with ACE2 inhibitors (137). Severe COVID-19, which is

associated with high levels of inflammatory cytokines (IL-1b and

type I and type III interferons), upregulates ACE2 expression,

which has the potential to increase target cell availability and,

thus, viral replication (131, 134, 139, 142). Yet, the impact on the

variations of ACE2 expression on disease severity it is not

known, and recently, it was reported that interferon-stimulated

expression of ACE2 yields a truncated isoform that cannot bind

SARS-CoV-2 (143).

Different clinical conditions were also reported to modulate

ACE2 expression: hypertension, hyperlipidaemia, diabetes,

chronic pulmonary diseases, and aging (134) (144). All these

conditions are also risk factors for more severe clinical

expression of COVID-19 (145–157). Note, however, that these

data regarding ACE2 are highly debated and, to date, no

comorbidity has been unambiguously associated with ACE2

expression level (144).

Several molecules were reported as alternative receptors for

SARS-CoV-2, such as the C-type lectins DC-SIGN and L-SIGN

(158–160), and TIM1 and AXL (161, 162). However, lectins and

phosphatidylserine are not classical receptors for the virus: they

are nonspecific and do not function efficiently in binding SARS-

CoV-2 in the absence of ACE2 (163). Therefore, it was proposed

that a more correct term for these molecules would be that of

‘attachment factors’ (144). CD147 is a transmembrane

glycoprotein expressed ubiquitously in epithelial and immune

cells, that was proposed as a receptor for SARS-CoV-2, yet its

role as a viral receptor is downplayed by the observation that

CD147 cannot bind to the S protein (164–166). Neuropilin 1

(NRP1) was also reported to be a host factor for SARS-CoV-2

(167, 168). NRP1 is expressed in olfactory and respiratory

epithelial cells (167), yet its expression is low in the SARS-

CoV-2 target cells (ciliated cells) and high in the goblet cells,
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which are not susceptible to SARS-CoV-2 (134, 169). B0AT1 is a

virus cofactor that is expressed in the GI tract and kidney, but

not in the lung; B0AT1 expression in the small intestine depends

on interaction with ACE2 (170). Additional human genes are

important for SARS-CoV-2 infection of lung epithelial cells: the

GTPase encoded by RAB7A is critical for endocytosis, and CTSL

encoding cathepsin L contributes to SARS-CoV-2 spike cleavage;

yet more genes support other viral life cycle stages (171).

Integrins were also reported to mediate cell entry of SARS-

CoV-2 (172, 173), although other studies did not confirm these

observations (174). Reduction of human ACE2 in the epithelia of

K18 transgenic mice in concert with increased CTSL did not

alter the pathogenesis of SARS-CoV-2 (175), further suggesting

the importance of the interplay between host factors at mucosal

sites for successful viral entry and propagation.

Enterocytes express ACE2 and support viral replication

that is enhanced by TMPRSS2 and 4 (176, 177), and SARS-

CoV-2 virions have been directly visualized in the GI tracts of

COVID-19 patients (178). SARS-CoV-2 infection rapidly

induces activated CD8+ T cell infiltration to the intestinal

epithelium (179) and increased effector CD4+ and CD8+ T

cells in the lamina propria (180). This is in spite of a lack of

gross pathological changes in histological findings on

endoscopy in the same patients (179, 180), though others

have reported abnormalities such as crypt hyperplasia with

necrotic cell debris in the absence of inflammation following a

positive SARS-CoV-2 test (181). Similar to this dichotomy,

several studies have reported presence (182, 183) or absence

(184) of viable virus isolation from stool, while viral RNA may

be shed in feces for prolonged periods compared to respiratory

tract samples (185, 186); persistence of viral antigens have also

been reported in GI biopsies for approximately three months

following infection while nasopharyngeal swabs were negative

for SARS-CoV-2 RNA (187). Such a paucity of consensus

regarding the impact of viral replication on GI inflammation

and/or pathology is in stark contrast to HIV/SIV infection, in

which ongoing viral replication in untreated infection is a

clear determinant of mucosal and systemic inflammation,

although such inflammation is reduced but not eliminated

with the drastic reduction of viral replication during ART

(188–190).

SARS-CoV-2 infection of an in vitro GI tract model

demonstrates direct damage to tight junctions and upregulated

proinflammatory cytokine transcripts (191) (Figure 1C). GI

symptoms in COVID-19 have also been associated with

elevated liver enzymes (192) while increased markers of

inflammation such as TNFa and IL-6 have separately been

associated with severe and/or fatal disease (193–195). The

capability of SARS-CoV-2 to enter and replicate in GI barrier

cells, with corresponding immune responses and GI symptoms,

suggests GI tract damage may be a critical component of

COVID-19 disease.
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Microbial translocation and its role
in inflammation: Are lessons learned
from HIV/SIV relevant to
SARS-CoV-2?

GI tract dysfunction in progressive HIV and SIV infection

leads to translocation of microbial products from the lumen.

However, this phenomenon is not specific to SIV/HIV infection,

and occurs in multiple clinical conditions in which mucosal

epithelium is altered and gut permeability is increased (17).

Microbial translocation is a key determinant of systemic

inflammation, which is the most important driver of

progressive HIV/SIV disease progression. The intestinal flora

is large and diverse (approximately 1014 bacteria, fungi,

protozoans, helminths, and viruses) and is composed of

numerous antigens which can directly stimulate the immune

system, including: peptidoglycan and lipoteichoic acid (through

TLR2), lipopolysaccharide (LPS, through TLR4), flagellin

(through TLR5), CpG-containing DNA (through TLR9 and

other cytoplasmic sensors), and double stranded and single

stranded RNAs (through TLR 7/8 and other cytoplasmic

sensors) (88). Microbial translocation also includes fungal

products that have relevance for immune activation and

clinical outcome independently of bacterial products (196,

197). GI tract dysfunction, therefore, leads to significant

inflammation with increased production of proinflammatory

cytokines IL-1b, IL-6, TNFa and interferons (88).

Microbial translocation is specifically associated with

progressive SIV/HIV infections and is nearly absent in African

nonhuman primates that are natural hosts of SIV (198), and

studies in nonhuman primates have established a direct link

between microbial translocation and inflammation. Chronically

SIV-infected African green monkeys (AGMs) that do not

progress to AIDS maintain a healthy mucosal barrier and lack

evidence of microbial translocation and systemic inflammation

(91, 92, 94). However, intravenous administration of LPS, either

in single dose or in prolonged administration over a three-week

duration, resulted in increased levels of inflammation and

coagulation markers (199). Similarly, alcohol or dextran

sulphate administration to rhesus macaques increased GI tract

permeability, induced microbial translocation, and resulted in

increased levels of inflammation and SIV replication (200).

Conversely, direct blockade of microbial translocation in

progressively SIV infected Asian macaques with sevelamer, a

chelator of LPS, resulted in a significant reduction of systemic

inflammation and coagulation markers (201). Altogether, these

studies provide direct evidence for microbial translocation as a

key determinant of immune activation and associated

pathologies, such as non-AIDS comorbidities, in SIV infection

(202, 203).

Due to the key role of microbial translocation in the

pathogenesis of HIV/SIV infection, studies have also focused
Frontiers in Immunology 06
137
on characterization of the impact of infection on the

composition of the GI microbiome. Analysis of longitudinal

samples from Asian macaques has shown that, while levels of

enteric virus genomes increase, the bacterial microbiome is not

dramatically altered (204–206). However, analyses of cross-

sectional cohorts of HIV-infected and uninfected individuals

routinely demonstrate the bacterial microbiomes of infected

humans are altered (207–209). Recent studies have shown that

one major contributor to the bacterial dysbiosis observed in

HIV-infected individuals are risk factors for HIV acquisition

(210, 211); when these risk factors are controlled for, significant

dysbiosis is observed only in individuals with advanced HIV

disease (210, 212). Moreover, while high fat diets lead to

accelerated SIV disease in Asian macaques, with significantly

increased inflammation (213), antibiotic-induced dysbiosis of

the GI tract microbiome is insufficient to accelerate SIV

disease (214).

Alteration to the GI tract virome may also play a role in

disease. A significant increase in the size of the fecal virome was

reported to occur in the progressive SIV infection of macaques,

while no such change was detected in the nonprogressive SIV

infection of AGMs (204). Furthermore, potentially pathogenic

viruses, such as adenoviruses, are specifically colocalized with

the areas of structural damage of the GI tract in progressively

SIV-infected macaques (204). Finally, analysis of circulating

microbial nucleic acids and those in tissues have demonstrated

that microbes which translocate are not a representation of those

present within the lumen, and the individual types of

translocating organisms can be associated with prognosis (20,

205). Taken together it is clear that GI tract dysfunction,

microbial translocation, and resulting inflammation play

important roles in progressive HIV and SIV infections.

Alterations to the GI tract bacterial microbiome have been

reported in hospitalized (215, 216) and even asymptomatic

COVID-19 patients (217), though it is challenging to control

for the confounding effects of diet, environment, and chronic

conditions between infected and uninfected individuals to assess

changes in microbial communities. K18 transgenic mice with a

controlled diet and environment demonstrate dose-dependent

GI tract microbiome alterations with SARS-CoV-2 infection

(218), but the integrity of the intestinal barrier was not

assessed. However, inflammation of the intestine itself has

been implicated in SARS-CoV-2 infection, as COVID-19

patients with diarrhea demonstrated significantly higher levels

of fecal calprotectin, largely produced by neutrophils and an

indication of neutrophilic inflammation, which correlated with

systemic IL-6 levels (219). Additionally, GI tract microbial

dysbiosis and an increase in LPS-binding protein (LBP) were

observed in severe COVID-19 patients over those with mild

COVID-19, with LBP correlating to other inflammatory markers

such as C-reactive protein (CRP) and IL-6 (220). Furthermore,

bacterial proteins were found in COVID-19 patient blood

plasma (220). Finally, in a comprehensive study by Giron
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et al., the tight junction protein zonulin was significantly

elevated in COVID-19 patients with moderate or severe

disease over controls, as were LBP and the product of

monocyte inflammation in response to LPS, soluble CD14

(221). The levels of zonulin and LBP were correlated with a

number of systemic inflammatory markers, again including IL-6

and CRP (221). Interestingly, both in Giron et al. (221) and

another study from Hoel et al. investigating GI tract barrier

integrity in COVID-19 patients (222), there was an increase in

LBP without an increase in I-FABP indicative of enterocyte

damage, suggesting that the epithelial barrier is disrupted by

another means. The translocation of microbes and/or microbial

products across a damaged intestinal epithelium, however, can

induce systemic inflammation and contribute to the

pathogenesis of SARS-CoV-2 infection (Figure 1C), as in HIV

and SIV infection. Furthermore, intestinal dysbiosis in HIV

infection was reported to be associated with low CD4+ T cell

reconstitution, which may be relevant for COVID-19-associated

lymphopenia (223).

While systemic inflammation, including that which may be

induced by microbial translocation, is associated with COVID-

19 mortality, there are additional mechanisms in which

inflammation influences COVID-19 morbidity. Symptoms

may persist or recur after primary infection, leading to the

diagnosis of Post-Acute Sequalae of SARS-CoV-2 (PASC) or

“long COVID-19” (https://recovercovid.org). Multisystem

inflammatory syndrome can also occur in children (MIS-C) or

adults (MIS-A) following COVID-19 diagnosis (https://www.

cdc.gov/mis/about.html), and is manifested by severe organ

system inflammation similar to Kawasaki disease that can

occur in the presence or absence of viral antigen (224) and

may be attributed to super-antigen-like attributes of SARS-CoV-

2 spike protein (225). Notably, children and adults exhibit

differential inflammatory responses during primary COVID-

19, with adults demonstrating higher levels of LBP and IL-6,

while healthy adult and pediatric controls were not significantly

different in these markers (226). However, children with MIS

had higher rates of GI symptoms than children with primary

COVID-19, as well as increased zonulin, LBP, and IL-6 in the

early stage of MIS-C (226, 227). Furthermore, mortality in MIS-

C cases and primary severe pediatric COVID-19 is similar (228),

suggesting that the high levels of inflammation in MISC-C may

contribute to mortality as in adult COVID-19 cases. The impact

of GI tract barrier disruption has been minimally explored in

MIS-A or PASC cases, with one study reporting gut microbiome

dysbiosis in adults with PASC at six months post-infection

versus convalescent COVID-19 patients without PASC, who

had returned to microbial communities similar to previously

uninfected individuals (229). An additional study observed

higher TNFa and IP-10 in the early recovery phase from

primary COVID-19 in adults who would go on to experience

PASC (230). Understanding the mechanisms of PASC and MIS,

including GI damage, microbial translation, and resulting
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inflammation that may contribute to mortality, is therefore of

critical importance. Insights from HIV/SIV infections that

persistent immune activation and inflammation may occur

with low levels or absence of viral antigen during virologically

suppressive antiretroviral therapy (188–190) are the foundation

upon which a more detailed knowledge of inflammation

following primary COVID-19 may be built to provide

prevention and treatment strategies.
Therapeutic approaches aimed at
limiting the impact of gut
dysfunction on the outcome of HIV
and SARS-CoV-2 infections

Although ART has dramatically improved the lifespan of

individuals living with HIV, with life expectancy reaching near

that of uninfected individuals (231, 232), treatment neither

eliminates the virus nor all inflammation (233, 234).

Therapeutics to complement ART and reduce the GI tract

dysfunction and inflammation experienced from early

infection on have taken many forms, from microbial products

to probiotics to small peptides such as an apoA-I mimetic (235).

Additionally, immunomodulatory treatments for reducing GI

inflammation in inflammatory bowel diseases (IBD) have been

assessed, and at least one therapy was evaluated for loss of gut

barrier integrity and inflammation in a MIS-C case (227). The

shared mechanisms of GI tract permeability and resulting

inflammation in these infectious and chronic conditions

suggest that strategies to effectively address inflammation in

one condition may prove beneficial in another as well.

Gut microbiota are key regulators of GI tract immunity, and

promotion of anti-inflammatory functions can be attempted in

many ways, including provision of prebiotics, probiotics, and

microbial metabolic products. Prebiotic therapies including

bacterial energy sources such as short and long chain

oligosaccharides have shown modest improvements to gut-

related inflammation in HIV infected individuals, with

significant reductions in CRP and IL-6 (236) or sCD14 (237).

However, these studies were conducted in small numbers of

individuals, and only demonstrated these effects in people not

receiving cART (237) or individuals who had initiated treatment

but poorly reconstituted CD4+ T cell counts of <350, and

without significant change to gut microbiota alpha diversity

(236). Polyphenol, a key component of the Amazonian fruit

Camu Camu (CC), has also been suggested as a prebiotic

candidate based on its anti-inflammatory and antioxidant

properties in animal models and tobacco smokers, and is

under investigation for use in HIV infected individuals

(238, 239).

Direct ly modifying the gut microbiota through

administration of microbial strains as probiotics has also been
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trialed in HIV patients receiving cART to mixed results: men

with CD4+ T cell counts <350 did not experience changes in

systemic inflammation with probiotics including eight bacterial

strains, and may have experienced increased T cell activation

(240); two additional studies with distinct single bacterial strain

probiotics observed no significant changes with treatment (241,

242); a study with multi-strain bacterial probiotics has

demonstrated reductions in systemic inflammatory markers

(D-dimer, IL-6, CRP), but no reductions in LPS or sCD14

(243); one study has shown improved gut barrier health with

lower enterocyte apoptosis in the intestine and increased Th17

cell in GALT with high-dose, multi-strain bacterial probiotics

(244). Probiotic effects (or lack thereof) may be influenced by a

number of factors such as the strain(s) used, dose, and duration

of treatment; in the studies detailed above, gut bacterial

microbiome alterations were not assessed (241) or not

observed (242) in the single bacterial strain probiotic

treatments, with only multi-strain treatments demonstrating

changes to the microbial communities (243, 244). Attempts to

alter the complex gut microbiota may therefore require complex

therapeutics, and indeed combinations of pre- and probiotics

(synbiotics) have been utilized. However, like their probiotic

counterparts, these studies have shown mixed results, with

unaltered sCD14 and CRP levels in women (245), reduction in

IL-6 in ART-naïve individuals (246), and lessened gut

dysfunction in ART-treated macaques (247).

Supplementation with microbial metabolic products such as

short-chain fatty acids, which are produced by GI tract

microbiota through fiber fermentation and promote intestinal

homeostasis (248, 249), has long been sought as a means of

reducing GI tract inflammation (250). A recent study utilizing

sodium propionate in conjunction with cART has shown a

transient increase in circulating IL-17, but consistent decline

in CD4+ Th17 and Treg cells (251), which may not promote

improved gut dysfunction.

Additional microbial therapies to promote intestinal barrier

integrity warrant further investigation, however: mucosaly-

associated fungi promoted IL-22 and IL-17 production in the

intestine of mice, promoting barrier integrity and reducing

damage during infection (252). Modulating bacterial

communities to specifically reduce those associated with

enhanced inflammation, rather than providing beneficial

bacteria as probiotics, also may be a promising alternative

approach: bacteriophage mediated delivery of CRISPR-Cas9

has successfully reduced specific bacterial strains in the

intestines of mice (253).

Although most therapies for reduced inflammation induced

by GI tract damage target the gut microbiota, another means of

modulating dysregulated gut inflammation includes apoA-I

mimetics, which bind LPS and lipids. Not only has an apoA-I

mimetic peptide demonstrated reduction of HDL cholesterol ex

vivo (254), but the molecule and another mimetic have also

reduced inflammatory cytokines such as TNFa and IL-6 in the
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plasma of HIV-infected humanized mice (235). These peptides

do not directly interact with the virus, and have already been

implicated in treatment of chronic non-infectious inflammatory

GI tract conditions such as inflammatory bowel disease (IBD)

(255). Investigated as a complement to ART, apoA-I mimetics

could be an excellent candidate for reduction of HIV or SARS-

CoV-2 induced GI tract dysregulation and inflammation.

Steroids are a clear treatment for consideration to reduce

inflammation, but are not components of standard therapies for

individuals living with HIV. However, in an acute infection

characterized by hyperinflammatory conditions such as

COVID-19, the immunosuppressive effects of corticosteroids

have been beneficial: in severe COVID-19 patients, moderate

doses of dexamethasone administered for a short duration

reduced the duration of hospitalization and mortality (256–260).

Finally, cell signaling approaches have been taken to reduce

inflammation resulting from GI tract disruption. In a case of

severe MIS-C, inhibiting zonulin signaling with a zonulin

receptor agonist was undertaken to improve tight junctions,

with tight junction loss hypothesized to lead to antigenemia and

severe systemic inflammation (227). The child’s condition did

improve with treatment, as evidenced by decreased CRP, D-

dimer, and indeed lower SARS-CoV-2 spike protein in the blood

(227). This virus-independent means of reducing GI tract

disruption, which is currently approved for a clinical trial for

celiac disease treatment (261), may be appropriate for HIV as

well, as might anti-inflammatory treatments for other chronic

immune conditions such as IBD. Although TNF antagonist and

immunosuppressive thiopurine treatment was associated with

risk of hospitalization or death from COVID-19, TNF antagonist

treatment alone was associated with lower odds ratios of

hospitalization or death (262). Treatment with anti-TNFa
antibodies has proven successful at reducing inflammation in

clinical trials (263) and may be a safe strategy for reducing GI

tract inflammation that results from viral infection, either

chronically in HIV or acutely in SARS-CoV-2; indeed anti-

TNFa antibodies were successful at reducing pulmonary

pathology in a case study of a COVID-19 patient (264) and in

inflammation and pathology in progressive SIV infection (79).

Furthermore, anti-IL-6 therapies have been investigated for HIV

and SARS-CoV-2 and proposed for inflammatory gut diseases,

though efficacy has been mixed for both viral infections

(265–268).

In conclusion, despite the distinctions of SARS-CoV-2 and

HIV infections in terms of target cells, viral persistence, and

symptomatology, there are considerable parallels in the loss of

gut barrier integrity and corresponding inflammation that

results. These parallels suggest that therapies to address

chronic HIV inflammation, as well as that of non-infectious

diseases, may be appropriate for treating SARS-CoV-2.

Although the infection is acute rather than chronic, MIS cases

strongly suggest persistent or recrudescent damage of organ

systems including the GI tract that can lead to serious and fatal
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inflammation. Treatment therapies to reduce GI tract damage

and/or resulting inflammation may therefore not only improve

acute SARS-CoV-2 infection outcomes, but also improve

morbidity and mortality associated with subsequent

multisystem inflammation.
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The clinical handling of chronic virus infections remains a challenge. Here we

describe recent progress in the understanding of virus - host interaction

dynamics. Based on the systems biology concept of multi-stability and the

prediction of multiplicative cooperativity between virus-specific cytotoxic T

cells and neutralising antibodies, we argue for the requirements to engage

multiple immune system components for functional cure strategies. Our

arguments are derived from LCMV model system studies and are translated

to HIV-1 infection.

KEYWORDS

Chronic virus infections, multi-stability, shifting equilibrium states, cure strategies,
LCMV (lymphocytic choriomeningitis virus), HIV (human immunodeficiency virus)
Introduction

Chronic virus infections like those with Human Immunodeficiency Viruses

(HIV) and Hepatitis B (HBV) and C (HCV) viruses continue to threaten global

health. A common feature of these infections is the persistence of virus antigen and

the associated exhaustion of virus-specific T lymphocytes (1–5). Although the latter

reduces immune-cell-mediated pathology, it is associated with a reduction of virus

control that enables antigen persistence and has per se pathological consequences.

For example, untreated HIV infection mediates CD4 T cell depletion, chronic

immune activation, lymphoid tissue destruction and dysregulation of immune

homeostasis (6, 7). Chronic hepatitis virus infections deteriorate liver functions

and can lead to liver cirrhosis and hepatocellular carcinoma (8–10). Globally these 3
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infections are carried by close to 400 million individuals and

thus are a significant burden for public health care

systems (11).

The existing approaches to treat chronic infections may be

subdivided into 2 fundamentally different categories, (i)

targeting of virus replication by antiviral drugs including

interferons or therapeutic target cell modifications, and (ii)

targeting virus-specific immune responses to improve host

control by restoration of immune functions i.e. through

therapeutic vaccination or immune checkpoint inhibitors that

reinvigorate exhausted lymphocytes. While most of these

options are still experimental, antiviral drugs are by far the

most common therapeutic modality in use and very successful.

For example, the current virus-specific anti-HCV drugs are

highly potent and enable virus clearance in around 95% of

infected individuals (12). Current antivirals against HIV can

reduce virus loads to below detectable levels however fail to

eliminate the latently infected cells (13, 14). As a consequence,

treatment interruptions lead to rapid viral rebounds from viral

reservoirs and the continuation of a high viral load infection

state (15). To overcome the need for life-long antiviral HIV

therapy with its side effects and the inherent financial burden for

health care systems, numerous concepts for curing chronic

infections have been developed and experimentally tested.

These include “shock-and-kill” strategies that aim to purge the

latent virus reservoir by latency reversal agents with subsequent

killing of infected cells (16, 17), “block-and-lock” strategies that

aim to permanently silence all HIV proviruses (18) and the

potential “rinse-and-replace” strategy that predicts a “washing-

out” of infected cells by uninfected naive and memory T cells via

sequential waves of polyclonal T cell stimulation under

combination antiretroviral therapy (19). While still being far

from clinical practice, the combined delivery of broadly

neutralising antibodies or CD8 T cell-inducing therapeutic

vaccines with latency-reversal-agents (LRAs) including TLR7

agonists showed encouraging first results in experimental SIV/

SHIV infections of rhesus monkeys (20, 21) and in humans (22).

Cure strategies for chronic virus infections can be divided

into sterilising and functional cure strategies. While the

former attempts to completely eliminate the virus from the

host e.g. by HIV-resistant hematopoietic stem cell

transplantation (23, 24) or provirus deletion approaches

(25–27), the latter solely aims to shift the dynamic virus -

host immune system balance into a state in which the virus is

sufficiently controlled without causing pathology (Figure 1A).

Given that HIV elimination was only successful in possibly 4

cases worldwide with a procedure that has a high mortality

rate (30), functional cure approaches appear more feasible.

However, is there any evidence that a shift from a high-virus-

load to a low-virus-load equilibrium is possible? And what

would the requirements be for such a shift? Here, we discuss

the evidence that indeed such a shift should be possible and

define the conditions under which it may occur.
Frontiers in Immunology 02
148
LCMV model system-based analyses
Many features of virus - immune system interactions within

the lymphocytic choriomeningitis virus (LCMV) mice model

system resemble those of human chronic HIV and hepatitis virus

infections (31, 32). In the early stages, LCMV infections are

mainly controlled by CTLs. Infection with a low dose of e.g.

LCMV-Docile or a high dose of LCMV-Arm leads to the

clearance of virus below the detection level and formation of

immune memory (33). In contrast, infection with high doses of

LCMV-Docile or LCMV-Cl13 results in chronic viral

persistence at high levels and exhaustion of antigen-specific

cytotoxic CD8 T cells (CTLs) (1, 34). Nonetheless, they differ

in their long-term kinetics of infections i.e. clearance of LCMV

Clone 13 by late neutralizing antibodies versus persistence of

LCMV Docile (1).

To explore the necessary conditions for the co-existence of

virus-host equilibria that differ in viral loads as well as the

possibilities for transferring a high-viral load state to a more

favourable equilibrium, one can utilise the analytical power of

existing mathematical models that have been calibrated using

experimental data. Our previously developed mathematical

model of LCMV infection considers the population dynamics

of viruses, precursor and effector CTLs (35), and utilises LCMV

data assimilation procedures and bifurcation analysis (36). The

results suggested that the reduction in the net viral growth rate b
is a necessary condition for a stable low level LCMV infection

state within an immunocompetent host (Figure 1B). Specifically,

the existence of replication competent LCMV below the

detection limit of about 100 FFU per spleen in immune mice

requires a more than 2-times reduction of the exponential virus

growth rate of the acute infection phase. Given that LCMV-

specific neutralising antibodies (nAbs) can block free virus

particles and thus reduce the net virus growth rate, it was

hypothesised that such antibodies could be decisive for virus

control. And indeed, subsequent experimental work by

Greczmiel et al. demonstrated that it is the late appearance of

nAbs that finally controls a chronic LCMV infection to below

detectable levels (37) (Figure 1C).

A conceptual dynamic view of the above observations is

summarized in Figure 2A which considers the outcome of virus-

host interactions as a ‘numbers game’ between the rate of infection

growth and the activation of the immune system (38). If the virus

outcompetes the CTL response, a high virus load state is established

that is characterised by T cell exhaustion and maintained through

the interaction of inhibitory receptors on T cells with their ligands

on antigen-presenting cells (APCs) (5). However, this harmful

equilibrium can be shifted in favour of the host by inducing a

virus-specific neutralising antibody response or by providing

antibodies as a therapeutic intervention (37, 39). Since the

cooperativity of remaining CTLs and the newly induced antibody

response can be considered as multiplicative rather than just

additive, the demand for both specific immune response

components is less stringent in absolute numbers (40).
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FIGURE 1

High and low virus load (VL) equilibrium states in persistent chronic virus infections. (A) Schematic presentation of a high and low virus load
state, and the associated pathology. (B) Mathematical model predictions of multiple virus equilibrium states (I to IV) in LCMV infections of mice
as a function of the net virus growth rate b. Data are from (28). The four virus equilibrium states differ in their values of the virus load from the
highest (state I) to the lowest (state IV). Stability of an equilibrium state or steady state means that the system returns back after some
perturbation. Only stable equilibrium states are biologically observable. State I is always stable while state III is stable for a certain range of b
(solid lines). States II and IV are unstable (broken lines) and cannot be observed biologically. A possible reduction of b by neutralising antibodies
is indicated below. It represents the natural occurrence of a late, specific neutralizing antibody response during chronic LCMV infection that
reduces the net virus growth rate represented by b. (C) Evolution of virus neutralising capacity of mouse sera during an experimental LCMV
infection of mice. Experimental data are from (29) and converted into this presentation. Medians of viral loads at days 30 and 70 and their
interquartile ranges are indicated in red. Solid line, sera from chronic infection; broken line, sera from acute infection.
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FIGURE 2

Dynamic views of virus-host interactions. Lines with an arrow or T end represent expansion or reduction/suppression of the corresponding virus
or cell populations, respectively. The specific processes by which this occurs are specified above the lines. (A) Conceptual dynamic view of a
high and a low virus load state within an infected host. The underlying processes are indicated. A high VL state drives CTL exhaustion (grey cells)
and reduces the population of effector CTL (green cells). B cells (blue cells) produce antibodies that eliminate infectious viruses. Both, effector
CTL and antibodies from B cells, depending on their strength, contribute to the control of the virus load. (B) Cooperative engagement of
individual immune components for functional cure strategies in HIV-1 infection. The combination of immune checkpoint inhibitors with CTL-
based immunotherapy and neutralising antibody responses is indicated. aPDL1, anti-PDL1 antibodies; CTL, cytotoxic T cells; CTLex, exhausted
CTL; CD4i, infected CD4 T cells; VL, virus load. The figure was created with BioRender.com.
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Extrapolation to HIV infections

To translate these results and considerations from the LCMV

mouse model system to human infections like HIV infections and

functional cure strategies, two fundamental questions arise: Is

there evidence for different dynamic steady states in HIV

infection? How can one reduce viral growth rate b and restore

functional immune control in a therapeutic setting? Answer to the

first question is yes. There are several different dynamic states that

can be defined by viral loads and disease progression rates (41).

These are related to the virus set point, the dynamic equilibrium

state at which the virus settles after the primary infection phase

(42–44). For example, from the infected individuals in which the

virus load settles to above 36,000 virions/ml blood, more than 62%

will develop AIDS within 5 years. In contrast, only 8% of

individuals with a virus set point below 4,500 virions/ml blood

will develop AIDS in this time frame. Thus, at least in HIV-1

infection, virus loads are directly linked to pathology and the low

virus load stage, as observed in so-called “elite controllers” (EC)

(45, 46), may be regarded as a non-pathogenic virus infection state

that should be the target for functional cure strategies (Figure 1A).

Indeed, elite controllers are exceptional HIV-infected individuals

that control virus replication without the requirement of

antiretroviral therapy. Based on studies during their chronic

steady state, many potential immunological and virological

factors have been linked to this. It includes virus-specific CTLs

and CD4 T cells, innate immune responses like NK cells and

plasmacytoid dendritic cells as well as virus attenuation and

provirus integration into repressed chromatin sites (47–49).

Since the EC state is associated with certain HLA types, and the

antiviral functionality of CTLs from EC against HIV-infected

autologous CD4 T cells is superior to those of HIV non-

controllers (50), HIV-specific CTL seem to be a prime

component in achieving virus control. The role of virus-specific

neutralizing antibody responses in EC is less clear as high titres of

these are often lacking in respective individuals (47).

The answer to the second question is much more demanding

because one needs to consider the state of the whole immune

system and virus population at the time the functional cure strategy

is to be initiated. In the chronic infection state in which T cells are

exhausted (5) and the virus is a complex quasispecies population

(51, 52) and partially hiding within latently infected cells (53, 54),

the simple reduction of the virus growth rate by antiviral drugs is

not sufficient to self-maintain a stable low virus load state. Likewise,

it is not sufficient to invigorate exhausted T and B cells by

checkpoint inhibitors in the presence of antiviral drugs because

only a fraction of HIV disease phenotypes would benefit. This was

demonstrated in our modelling study of anti-PD-L1 blockage in

HIV-1 infection (55). In this we showed that a favourable effect in

terms of viral load reduction and restoration of functional T cells

strongly depends on the antibody-mediated elimination rate of

infectious virus in a threshold dependent manner. Furthermore,
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taking into account spatial aspects of HIV-1 infection spreading

within lymphatic tissue and CTL motility, we estimated that the

minimum frequency of HIV-specific effector CTLs should be above

5% to ensure localisation and elimination of an infected cell within a

virus life cycle time (56). Recent vaccine studies against simian–

human immunodeficiency virus (SHIV) infection in macaques

demonstrated that the threshold requirements for virus infection

control were much lower when neutralizing antibodies and CTLs

were induced (57) suggesting multiplicative cooperation between

both arms of the adaptive immune system (40). Taken together and

considering the multiplicative cooperativity between cellular and

humoral responses, it would appear that only a multi-modal

empowerment of antiviral immunity could enable a permanent

shift from a high virus load to a low virus load state in HIV-1

infection. This would require invigoration of exhausted T cells by

checkpoint inhibitors in the presence of antiviral drugs (58) and

induction of novel CTLs together with neutralising antibodies that

cover a broad spectrum of viral epitopes (Figure 2B).

Discussion

Here we summarise the evidence for multiple stable virus

load states in persistent chronic virus infections and provide a

perspective for a functional cure.

Multi-stability is a relevant property of complex biological

systems with normal feedback regulation (59) to which virus

infections belong to. It provides the possibility of switching

between different virus load states. Computational models are

helpful in this context as they can identify the required

parameter values for the multiple steady states (28). For

example, a 2-times reduction of the net virus growth rate b is

the necessary condition for the existence of the low virus load

state in persistent LCMV infection (Figure 1B). Once this

condition is identified, the challenge becomes to define the

required manipulations for shifting the whole system to that

favourable state. Again, computational approaches can provide

useful insight. Amongst them is the recently developed optimal

disturbance approach which can predict multi-modal impacts

(combination therapies) with maximal effects on the immune

system (60). When applied to LCMV infection, the results

demonstrated that a systems shift is possible and requires a

combination of different initial state perturbations like virus load

and functional T cell state. While this will translate to a

combination therapy e.g. of checkpoint inhibitors and

neutralising antibodies, the respective quantities and time lines

are not yet determined and await experimental elaboration.

Nonetheless, these mathematically-driven experimental LCMV

system-based studies provide a proof-of-concept for a possible

system shift to a favourable virus-host interaction dynamics.

Respective analyses of multi-stability and optimal disturbances

for HIV-1 or other persistent chronic infections in humans are

still lacking and clearly represent a challenge and direction for
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further interdisciplinary research. The recent progress of

immunotherapies to induce and boost antiviral immunity are

encouraging but also highlight the need to cooperatively engage

individual immune system components that may eventually

allow moving from a drug-based virus containment to a long-

term immune system-based functional cure.

In summary, the currently explored strategies for functionally

curing an HIV infection are “shock-and-kill”, “block-and-lock”

and “rinse-and-replace”. None of them considers and explores the

concept of multiplicative cooperativity between individual

immune system components that is proposed here. A proof of

concept in a clinical setting is eagerly waited for.
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Excelencia Marıá de Maeztu”, funded by the MCIN and the AEI

(DOI: 10.13039/501100011033) Ref: CEX2018-000792-M.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
References
1. Moskophidis D, Lechner F, Pircher H, Zinkernagel RM. Virus
persistence in acutely infected immunocompetent mice by exhaustion of
antiviral cytotoxic effector T cells. Nature (1993) 362:758–61. doi: 10.1038/
362758a0

2. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al.
PD-1 expression on HIV-specific T cells is associated with T-cell exhaustion
and disease progression. Nature (2006) 443:350–4. doi: 10.1038/nature05115

3. Boni C, Fisicaro P, Valdatta C, Amadei B, Vincenzo PD, Giuberti T, et al.
Characterization of hepatitis B virus (HBV)-specific T-cell dysfunction in chronic
HBV infection. J Virol (2007) 81:4215–25. doi: 10.1128/jvi.02844-06

4. Bengsch B, Seigel B, Ruhl M, Timm J, Kuntz M, Blum HE, et al. Coexpression
of PD-1, 2B4, CD160 and KLRG1 on exhausted HCV-specific CD8+ T cells is
linked to antigen recognition and T cell differentiation. PLoS Pathog (2010) 6:
e1000947. doi: 10.1371/journal.ppat.1000947

5. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion.
Nat Rev Immunol (2015) 15:486–99. doi: 10.1038/nri3862

6. Stevenson M. HIV-1 pathogenesis. Nat Med (2003) 9:853–60. doi: 10.1038/
nm0703-853

7. Lackner AA, Lederman MM, Rodriguez B. HIV Pathogenesis: The host. Csh
Perspect Med (2012) 2:a007005. doi: 10.1101/cshperspect.a007005

8. Liang TJ, Rehermann B, Seeff LB, Hoofnagle JH. Pathogenesis, natural
history, treatment, and prevention of hepatitis C. Ann Intern Med (2000)
132:296. doi: 10.7326/0003-4819-132-4-200002150-00008

9. Chisari FV, Isogawa M, Wieland. SF. Pathogenesis of hepatitis b virus
infection. Pathol Biol (2010) 58:258–66. doi: 10.1016/j.patbio.2009.11.001

10. Iannacone M, Guidotti LG. Immunobiology and pathogenesis of
hepatitis B virus infection. Nat Rev Immunol (2022) 22:19–32. doi: 10.1038/
s41577-021-00549-4
11. Global progress report on HIV, viral hepatitis and sexually transmitted
infections. In: Accountability for the global health sector strategies 2016–2021:
actions for impact. Geneva: World Health Organization. Available at: https://www.
who.int/publications/i/item/9789240027077.

12. Villani R, Monami M, Cosimo FD, Fioravanti G, Mannucci E, Vendemiale
G, et al. Direct-acting antivirals for HCV treatment in older patients: A systematic
review and meta-analysis. J Viral Hepat (2019) 26:1249–56. doi: 10.1111/jvh.13169

13. Cohn LB, Chomont N, Deeks SG. The biology of the HIV-1 latent reservoir
and implications for cure strategies. Cell Host Microbe (2020) 27:519–30.
doi: 10.1016/j.chom.2020.03.014

14. Saag MS, Gandhi RT, Hoy JF, Landovitz RJ, Thompson MA, Sax PE, et al.
Antiretroviral drugs for treatment and prevention of HIV infection in adults.
JAMA (2020) 324:1651–69. doi: 10.1001/jama.2020.17025

15. Wen Y, Bar KJ, Li JZ. Lessons learned from HIV antiretroviral treatment
interruption trials. Curr Opin HIV AIDS (2018) 13:416–21. doi: 10.1097/
coh.0000000000000484

16. Deeks SG. Shock and kill. Nature (2012) 487:439–40. doi: 10.1038/487439a

17. Siliciano JD, Siliciano RF. In vivo dynamics of the latent reservoir for HIV-1:
New insights and implications for cure. Annu Rev Pathol Mech Dis (2021) 17:1–24.
doi: 10.1146/annurev-pathol-050520-112001

18. Vansant G, Bruggemans A, Janssens J, Debyser Z. Block-And-Lock
strategies to cure HIV infection. Viruses (2020) 12:84. doi: 10.3390/v12010084

19. Grossman Z, Singh NJ, Simonetti FR, Lederman MM, Douek DC, Deeks SG,
et al. ‘Rinse and replace’: Boosting T cell turnover to reduce HIV-1 reservoirs.
Trends Immunol (2020) 41:466–80. doi: 10.1016/j.it.2020.04.003

20. Borducchi EN, Cabral C, Stephenson KE, Liu J, Abbink P, Ng’ang’a D, et al.
Ad26/MVA therapeutic vaccination with TLR7 stimulation in SIV-infected rhesus
monkeys. Nature (2016) 540:284–7. doi: 10.1038/nature20583
frontiersin.org

https://doi.org/10.1038/362758a0
https://doi.org/10.1038/362758a0
https://doi.org/10.1038/nature05115
https://doi.org/10.1128/jvi.02844-06
https://doi.org/10.1371/journal.ppat.1000947
https://doi.org/10.1038/nri3862
https://doi.org/10.1038/nm0703-853
https://doi.org/10.1038/nm0703-853
https://doi.org/10.1101/cshperspect.a007005
https://doi.org/10.7326/0003-4819-132-4-200002150-00008
https://doi.org/10.1016/j.patbio.2009.11.001
https://doi.org/10.1038/s41577-021-00549-4
https://doi.org/10.1038/s41577-021-00549-4
https://www.who.int/publications/i/item/9789240027077
https://www.who.int/publications/i/item/9789240027077
https://doi.org/10.1111/jvh.13169
https://doi.org/10.1016/j.chom.2020.03.014
https://doi.org/10.1001/jama.2020.17025
https://doi.org/10.1097/coh.0000000000000484
https://doi.org/10.1097/coh.0000000000000484
https://doi.org/10.1038/487439a
https://doi.org/10.1146/annurev-pathol-050520-112001
https://doi.org/10.3390/v12010084
https://doi.org/10.1016/j.it.2020.04.003
https://doi.org/10.1038/nature20583
https://doi.org/10.3389/fimmu.2022.904342
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Bocharov et al. 10.3389/fimmu.2022.904342
21. Borducchi EN, Liu J, Nkolola JP, Cadena AM, Yu W-H, Fischinger S, et al.
Antibody and TLR7 agonist delay viral rebound in SHIV-infected monkeys. Nature
(2018) 563:360–4. doi: 10.1038/s41586-018-0600-6

22. Mothe B, Rosás-Umbert M, Coll P, Manzardo C, Puertas MC, Morón-López
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