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Abstract

This study aimed to investigate the immunogenicity to SARS-CoV-2 and evasive
subvariants BA.4/5 in people living with HIV (PLWH) following a third booster shot
of inactivated SARS-CoV-2 vaccine. We conducted a cross-sectional study in 318
PLWH and 241 healthy controls (HC) using SARS-CoV-2 immunoassays. Vaccine-
induced immunological responses were compared before and after the third dose.
Serum levels of IgG anti-RBD and inhibition rate of NAb were significantly elevated
at the “post-third dose” sampling time compared with the pre-third dose in PLWH,
but were relatively decreased in contrast with those of HCs. Induced humoral and
cellular responses attenuated over time after triple-dose vaccination. The neutraliz-
ing capacity against BA.4/5 was also intensified but remained below the positive
inhibition threshold. Seropositivity of SARS-CoV-2-specific antibodies in PLWH was
prominently lower than that in HC. We also identified age, CD4 cell counts, time
after the last vaccination, and WHO staging type of PLWH as independent factors
associated with the seropositivity of antibodies. PLWH receiving booster shot of
inactivated vaccines generate higher antibody responses than the second dose, but
lower than that in HCs. Decreased anti-BA.4/5 responses than that of WT impede
the protective effect of the third dose on Omicron prevalence.
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1 | INTRODUCTION

Since the onset of the COVID-19 pandemic, accumulating evidence
reveals that people living with HIV (PLWH) following SARS-CoV-2
infection have been more vulnerable to severe disease and in-
hospital mortality.!? Increased incidence of fatal outcomes is more
likely to happen in male PLWH and aged >45 years, whereas
individuals on antiretroviral therapy (ART) and those with HIV viral
loads of <1000 copies per ml are less prone to severe or critical
disease.®

The efficacy of SARS-CoV-2 vaccines reduces COVID-19
severity and mortality rates by triggering robust humoral and
cellular responses against the virus.*> However, only a few clinical
trials have focused on immunocompromised individuals because of
their dysregulated host defenses. As previous studies were
generated, PLWH with preserved CD4 cell counts mediated by
ART mounted similar immune responses as healthy controls
(HC).>” After two shots of CoronaVac, the seroconversion rates
of SARS-CoV-2 IgG and neutralizing antibody (NAb) positivity
were higher in PLWH with CD4 counts 2500 cells/pl than in those
with CD4 counts <500 cells/ul; however, both were lower than
that of HC.® No significant difference of antibody responses was
found among PLWH subgroups stratified by CD4 lymphocytes
(<350, 350-500, >500 cells/ul) at the time of vaccination, who all
completed the inoculation schedule of mRNA-1273 vaccine.” To
date, evidence is lacking on the risk factors associated with
inadequate immunological landscape among PLWH.

Whether people living with HIV have decreased immunological
responses toward SARS-CoV-2 vaccines remains controversial.8~°
Waning immunoreactivity, which usually occurs at 6-8 months
following vaccination, warrants an additional vaccine dose. 1112
The advent of variants of concerns (VOCs) with increased
mutations and transmissibility containing the Omicron lineage
BA.4/5 drives waves of infection nowadays.'® BA.4/5 is responsi-
ble for NAb escape and breakthrough infections even in healthy
individuals who received triple doses of mRNA or adenovirus
vaccine.®1° For CoronaVac vaccine, known for inactivated whole
virus one, could neutralize 10 representative strains of SARS-CoV-
2, two of which (CN1 and OS1) are closely related to the original
SARS-CoV-2 strain from early 2020 (2019-nCoV-BetaCoV/
Wuhan/WIV04/2019 and EPI_ISL_412973).> Mutated variants in
the spike protein receptor binding domain (RBD) give incentives to
escape from neutralizing antibodies, even in those recovered from
COVID-19 infections or vaccine recipients, compromising the
efficacy of the vaccination. Data on immunogenicity of inactivated
COVID-19 vaccines against Omicron subvariants remains urgently
needed. These alert us to assess the immune protection among
immunocompromised patients including PLWH who received
booster inactivated vaccination. Thus, this study aimed to investi-
gate the immunogenicity to SARS-CoV-2 and evasive subvariants
BA.4/5 in PLWH following a third booster shot of inactivated
SARS-CoV-2 vaccine.

2 | MATERIALS AND METHODS
2.1 | Patients and specimen collection

The study cohort is composed of 318 PLWH from the outpatient
department of the Fifth Hospital of Shijiazhuang and 241 age-
matched HCs from the department of health medicine in Peking
Union Medical College Hospital. The inclusion criteria of PLWH were
as follows: (1) adult patients with HIV infection confirmed by
Western blot analysis, (2) PLWH with detailed medical records and
laboratory parameters, and (3) those who received at least the two-
dose regimen of inactivated vaccine after the definite diagnosis of
HIV. After excluding patients with previous SARS-CoV-2 infection
fulfilling the below criteria (i) positive reverse transcription PCR
results for SARS-CoV-2 on naso-oropharyngeal swabs; (ii) presence
of anti-SARS-CoV-2 IgM/IgG antibodies or specific antigens; (iii) once
have medical history of SARS-CoV-2 infection or recovery from
SARS-CoV-2, and those who were ever administered immuno-
suppressive drugs or plasma replacement therapy, the remaining
patients were categorized into four subgroups according to inocula-
tion dose and duration at the time of sampling, including PLWH with
the second dose of the inactivated vaccine after 14-89 days (n = 14),
second dose of the inactivated vaccine after 180 days (n = 51), those
with booster immunization of the third dose after 14-89 days
(n=99), third dose after 90-180 days (n =57), and third dose after
180 days (n=97). HCs were also matched with the last vaccination
period. Serum samples were collected, numbered, and stored
at -80°C.

For laboratory dimensions, CD4 and CD8 lymphocytes were
analyzed by Flow CytoMetry on the BD FACSCanto Il. White blood
cell and platelet counts were measured using Sysmex XN-1000 Pure,
whereas serum biochemical parameters including alanine amino-
transferase (ALT), aspartate aminotransferase (AST), creatinine (Cr),
triglyceride, total cholesterol (TC), glucose, and total bilirubin were
detected on TOSHIBA-FX8. Moreover, electronic medical records of
PLWH were retrieved including age, sex, weight, height, date of a
confirmed diagnosis, WHO disease staging system for HIV
infection, current therapeutic regimen, and time of each inactivated
vaccine dose.

The study protocol was approved by the Medical Ethics
Committee of Peking Union Medical College Hospital and the Fifth
Hospital of Shijiazhuang and informed consent was obtained from all
the participants.

2.2 | Detection of total antibodies against
SARS-CoV-2

We used the double-antigen sandwich enzyme-linked immuno-
sorbent assay (ELISA) to determine the total antibodies against
SARS-CoV-2 (Beijing Wantai Biological Pharmacy Enterprise), the
reagent of which could only detect specific total antibodies (including
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I1gM, 1gG, and IgA) targeting the RBD region of S1 subunit (antigen). A
total of 100 ul of serum samples were initially added into a microwell
plate coated with 2019-nCoV antigen (the RBD region of S1 subunit)
and incubated at 37°C for 30 min. After washing, HRP-labeled 2019-
nCoV-Ag was added to generate a complex of coated Ag-
antibody-HRP-labeled Ag. Then, 50 ul of chromogenic agents A
(20.3g/L peroxide) and B (20.2g/L HRP) was then added for
coloration. The plate was read at 450 nm after 50 ul of stop solution
was eventually added. The final optical density (OD) of each
microwell was calculated using raw OD values minus blank OD.
Additionally, 133 negative and 52 positive controls were determined,
and 0.19 was selected as a threshold value using the following
formula: cutoff = 0.16 + average absorbance of negative controls. The
detailed information of sensitivity and specificity of total antibody

test was provided in online supplementary material.

2.3 | Detection of neutralizing antibody toward
SARS-CoV-2 wild type (WT) and Omicron BA.4/5
subvariant

By using competitive ELISA, theWSARS=CoV=2nSurrogatenVirus
Neutralization Test (sVNT) assay (GenScript cPass™ SARS-CoV-2
Neutralization Antibody Detection Kit, Genscript) detected the
circulating neutralizing antibodies that block the interaction between
the receptor-binding domain of the viral spike glycoprotein (RBD) and
human ACE2 (hACE2). According to the instructions from the
manufacturer, first, the serum samples and controls were pre-
incubated at 37°C for 15 min allowing the binding of NAb and
HRP-RBD (antigen derived from both SARS-CoV-2 WT and Omicron
BA.4/5) with a volume ratio of 1:1. Second, the mixture was
transferred to capture the plate pre-coated with the hACE2 protein
where the NAb-unbounded HRP-RBD was captured on the plate,
whereas NAb-bound HRP-RBD remained in the supernatant and
get washed. Then, after adding 100 pl of TMB and 50 pl of the stop
solution, the plate was read at 450 nm where the absorbance of
the sample was inversely correlated with the titers of anti-SARS-
CoV-2-neutralizing antibodies. To assure the validity of the results,
the OD450 values of positive (>1.0) and negative controls (<0.3)
must fall within the ranges. For interpretation of the results, an
inhibition rate of 230% was regarded to be positive in SARS-CoV-
2-neutralizing antibody determination. The inhibition rate was
computed as follows: Inhibition = (1-OD value of sample/OD value
of negative control) x 100%. The detailed information of sensitivity
and specificity of sVNT assay was provided in online supplemen-

tary material.
2.4 | Detection of IgG anti-SARS-CoV-2 spike RBD
antibody

Capture sandwich ELISA (PROPRIUM Co, Ltd) was employed to
detect SARS-CoV-2-neutralizing antibodies, where the SARS-CoV-2
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spike RBD protein (antigen) was pre-coated onto the solid phase to
form an antigen-antibody complex with IgG anti-RBD antibodies
from 100 pl of the diluted serum samples or standards. Following the
washing procedure and addition of HRP-conjugated anti-human IgG,
an antigen-antibody-HRP complex was formed. Finally, the sub-
strate solution TMB was then added into the microwells. Color
developed proportionally to the amount of SARS-CoV-2-neutralizing
antibodies, and the optical density (OD) at 450 nm was measured.
The concentration (BAU/ml) of anti-RBD antibodies was calculated
by standard curves formed by standards with a normal reference
range of 10-1000 BAU/ml. As it was provided by manufacturer, the
assay shows a performance of a specificity of 99.8%, a sensitivity of
97.8% and coefficient of variation (CV) £ 10%.

2.5 | Statistical analysis

For statistical purposes, normally distributed data were expressed as
mean + SD, whereas non-normally distributed data were presented as
median (IQR); the normality of data distribution was assessed using
the Shapiro-Wilk test. When comparing two independent groups
with non-normal distributions, the nonparametric Mann-Whitney U
test was used. The x? test was employed to detect the difference in
the positivity rate of the total antibodies against SARS-CoV-2, NAb
against WT, and NAb against BA.4/5 and IgG anti-RBD antibodies.
Correlations between SARS-CoV-2 antibodies and laboratory param-
eters were evaluated using Spearman's rank correlation coefficient
test, with coefficient values >0.3 or<-0.3 considered clinically
relevant. We also performed multivariate logistic regression to assess
independent risk factors for PLWH, which affected the positivity of
the above-mentioned antibodies after the third dose of the
inactivated vaccine.

GraphPad Prism 9, IBM SPSS Statistics for Windows version 24
(IBM Corp), and R version 4.2.1 software were utilized for the
statistical analyses. A p value of <0.05 was considered statistically
significant.

3 | RESULTS

3.1 | Demographics and clinical characteristics of
the participants

In accordance with the vaccination dose and period at the time of
sampling, 318 PLWH were divided into five subgroups, including
PLWH with the second dose of the inactivated vaccine after
14-89 days and after 180 days, as well as “post-third dose” PLWH
after 14-89 days, after 90-180 days, and >180 days. The
demographic data of PLWH were also categorized into clinical
characteristics, laboratory determinations, and ART (Table 1).
Overall, HCs were precisely matched by age and inoculation
duration between the different subgroups of PLWH (Supporting
Information: Table S1).
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TABLE 1

Category

Clinical
characteristics

Laboratory
determinations

Antiretroviral
therapy

Characteristic

Numbers

Age (year)

Gender (F/M)
Weight (kilogram)
Height (centimeter)

Duration of HIV(day)

WHO disease staging
system

Stage |
Stage Il
Stage Il

Stage IV

Period of last vacciation at

the time of
sampling (day)

Period of first vacciation and

confirmed
diagnosis (day)

CD4 lymphocyte count
(cells/ul)

CD8 lymphocyte count
(cells/pl)

HIV virus load (C/ml)
WBC counts (10°/L)
Platelet counts (10°/L)
Hb (g/L)

Cr (umol/L)

TG (mmol/L)

TC (mmol/L)

GLU (mmol/L)

ALT (U/L)

AST (U/L)

TBil (umol/L)

3TC/DTG

3TC/DTG + TDF + LPV/r
3TC+ABC+LPV/r
3TC+DTG

3TC+ DTG+ TDF

3TC +EFV+TDF
3TC+LPV/r
3TC+NVP+TDF
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Demographics and clinical characterization of PLWH

2nd dose after
14-89 days

14

34 [28, 49.25]
2/12

66.86 £12.44
171.1+£5.816

1798 +1140

11 (78.57%)
1(7.14%)

0 (0.00%)

2 (14.29%)
54 £25.59

1680+ 1152

533.6 +£220.4

874.9+371.5

171 +£553.9
6.815+1.727
250.2+67.71
158.2+14.57
75.65+15.08
2.182+1.441
4.778 £0.8972
5.373£0.5867
25.37+10.68
20.69 £4.356

7.7 [5.7, 10.3]

1(7.14%)
7 (50.0%)

2nd dose after
180 days

51

36.2+9.893
6/45

64 [58.63, 71.5]
172.5+£6.76

1153 [404, 2231]

40 (78.43%)
1(1.96%)
1(1.96%)

9 (17.65%)
269 [223, 331]

1115 [383, 2210]

534.9+214

688 [575, 927.5]

0[0, 0]

6.04 [4.93, 7.425]
249.3+57.47

158 [147.8, 167.5]
68.5 [59.43, 77.65]
1.475 [0.88, 2.865]

4.835 [4.008, 5.398]

5.42 [5.108, 5.89]
27.65 [19.68, 39.8]
21.2 [17.75, 25.1]
8.35 [6.45, 11.5]

1(1.96%)

1(1.96%)
3 (5.88%)
30 (58.82%)

3rd dose after
14-89 days*

99

35 [30,41]
7/92

65 [57, 74]
172.3+6.096

1680 [926, 2463]

71 (71.72%)
3 (3.03%)
5 (5.05%)
19 (19.19%)
70 [44, 80]

1446 [681, 2229]

482 [355, 700]

694 [501, 1074]

0 [0, 0]

5.81 [4.948, 7.003]
244 [209.3, 281.3]
162 [148.8, 168]
70.28+11.8

1.52 [1.095, 2.363]

4.655 [4.035, 5.598]

5.32 [4.968, 5.838]

27.75 [19.38, 46.55]

22.25 [17.9, 27.85]
8.6 [6.775, 10.73]

4 (4.04%)

1(1.01%)

1(1.01%)

63 (63.64%)
2 (2.02%)

2 (2.02%)

3rd dose after
90-180 days

57

34.18 £ 4.602
3/54

66 [60, 73.25]
173+6.199

2089 £ 964.4

46 (80.70%)

2 (3.51%)
1(1.75%)

8 (14.04%)

118 [103.5, 139.5]

1865+964.4

553 [410, 667]

660 [532, 946.5]

0 [0, 0]

5.97 [4.83, 7.36]
246 [220, 294]
164.1 +£13.05
71.31+11.75
1.68 [1.05, 2.45]
4.74+0.81

5.47 [5.02, 5.99]
31 [21.6, 46.2]
22 [18.5, 28.5]
8.4 [6.6, 10.45]

1(1.75%)

1(1.75%)

1(1.75%)
38 (66.67%)

3rd dose after
180 days*

97

34 [29.5, 40]
6/91

65 [60, 72]
172 [170, 177]

1845
[1006, 2660]

79 (81.44%)

4 (4.12%)

13 (13.40%)

0 (0.00%)

219 [202.5, 240]

1637
[796.5, 2433]

461 [307, 602.5]

638 [474, 834]

0 [0, 0]

5.55 [4.89, 6.52]
228 [203, 265]
159 [151, 167]
73 [66.7,82.7]
1.28 [0.98, 2.15]
4.25[3.76, 4.91]
5.65 [5.32, 5.98]
27.2 [19.5, 39.3]
20.4 [16.3, 27.8]
8.9 [6.8, 11.4]

1 (1.03%)

1 (1.03%)
2 (2.06%)
57 (58.76%)
1 (1.03%)

3 (3.09%)
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TABLE 1 (Continued)

2nd dose after

2nd dose after
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3rd dose after 3rd dose after 3rd dose after

Category Characteristic 14-89 days 180 days 14-89 days* 90-180 days 180 days*
3TC+TDF +LPV/r 4 (28.57%) 1(1.96%) 3 (3.03%) 3 (5.26%) 8 (8.25%)
AZT/3TC+DTG 1 (1.03%)
AZT/3TC +EFV 1(7.14%) 8 (15.69%) 8 (8.08%) 8 (14.04%) 15 (15.46%)
AZT/3TC+LPV/r 1(1.96%) 6 (6.06%) 2 (3.51%)
AZT/3TC+NVP 1(7.14%) 3 (5.88%) 4 (4.04%) 3 (5.26%) 4 (4.12%)
AZT + LPV/r 1(1.01%)
BIC/FTC/TAF 2 (2.02%)
EVG/c/FTC/TAF 2 (3.92%) 1(1.01%) 3 (3.09%)
DTG/ABC/3TC 1(1.96%)

Abbreviations: 3TC, Lamivudin; ABC, Abacavir; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AZT, Azidothymidine; BIC, Bictegravir;
Cr, creatinine; DTG, Dolutegravir; EFV, Efavirenz; EVG/c, Elvitegravir/Cobicistat; FTC, Emtricitabine; GLU, glucose; Hb, hemoglobin; LPV/r,
Ritonavir-boosted lopinavir; NVP, Nevirapine; TAF, Tenofovir Alafenamide; TBil, total bilirubin; TC, total cholesterol; TDF, TG, triglyceride.

*One patient has lost part of his medical record.

3.2 | Total antibodies against SARS-CoV-2 and IgG
anti-RBD antibodies are boosted at the “post-third
dose” visit in PLWH

After 180 days of the second dose, serum levels of total antibodies
against SARS-CoV-2 were significantly lower in the PLWH group
than in the HCs (1.092[0.373, 3.187] vs. 3.125[1.298, 3.407],
p =0.0004). Similar conditions occurred in those who received the
third dose after 180 days (3.361[3.25, 3.437] vs. 3.439[3.342, 3.568],
p =0.0007) (Figure 1A and Supporting Information: Table S2). As
regards dynamic changes after each vaccine dose in PLWH
(Figure 1B), we observed a dramatic decrement of total antibodies
180 days after the second dose (2nd dose after 180 days:
1.092[0.373, 3.187] vs. 2nd dose after 14-89 days: 3.204[2.521,
3.253], p =0.0337) and obvious increment at “post-third dose” (2nd
dose after 180 days: 1.092[0.373, 3.187] vs. 3rd dose after 14-89
days: 3.423[3.177, 3.49], p <0.0001). When PLWH were stratified
into three subgroups (CD4 < 200 cells/ul, 200 cells/ul = CD4 = 350
cells/pl, and CD4 > 350 cells/ul) based on CD4 lymphocyte counts,*®
we compared levels of total antibodies toward SARS-CoV-2 in
different vaccination series, and no discrepancies were found
between these subgroups (Figure 1C and Supporting Information:
Figure S1A). The seropositivity of the total antibodies against SARS-
CoV-2 after the booster dose of the inactivated vaccine was
comparable between PLWH and HCs (98.81% vs. 98.91%,
p =0.7145) (Figure 1D).

IgG anti-SARS-CoV-2 spike RBD antibodies were measured by
ELISA, which support an increased response post-booster shot after
14-89 days, but significantly decreased when >180 days in PLWH
(2nd dose after 180 days: 0[O0, 11.03] BAU/ml vs. 3rd dose
after 14-89 days: 337.7[97.66, 694] BAU/ml vs. 3rd dose after
180 days: 108.1[34.73, 330.1] BAU/ml, p <0.0001 and p < 0.0001,
respectively) (Figure 2A,B, Supporting Information: Table S2).

Concentrations of IgG anti-RBD in PLWH were always inferior to
those in HCs at pre- and post-third dose time of sampling (2nd dose
after 180 days: 0[O0, 11.03] vs. 54.85[1.773, 133.1] BAU/ml,
p <0.0001; 3rd dose after 14-89 days: 337.7[97.66, 694] vs.
638.8[568.6, 797.7] BAU/ml, p <0.0001; 3rd dose after 90-180
days: 248.2[123.1, 431.3] vs. 558.1[358.9, 612.1] BAU/ml,
p<0.0001; 3rd dose after 180 days: 108.1[34.73, 330.1] vs.
274.9[151.9, 622.6] BAU/mI, p=0.0001) (Figure 2A). Additionally,
PLWH with well-controlled CD4 counts hold a relatively higher
magnitude of I1gG anti-RBD post-third dose after 180 days when the
efficacy of the booster dose was gradually wearing off (Figure 2C),
but not in other time points (Supporting Information: Figure S1B).
The proportion of IgG anti-RBD seropositivity was prominently lower
in PLWH than in HC (89.33% vs. 99.45%, p < 0.0001) (Figure 2D).

3.3 | Waning VOC humoral responses following
booster vaccination in both PLWH and HC

The effects of booster inoculation on neutralizing antibodies to
SARS-CoV-2 WT were presented as the inhibition rate (%), which
varied in PLWH and HCs (3rd dose after 14-89 days: 59.98[33.54,
89.53] vs. 91.69[74.33, 96.96], p <0.0001; 3rd dose after 90-180
days: 47.13[21.74, 79.03] vs. 72.86[48.47, 93.74], p =0.0047; 3rd
dose after 180 days: 14.04[3.212, 54.97] vs. 48.24[21.11, 90.3],
p =0.0001) (Figure 3A and Supporting Information: Table S2). In
PLWH, analyses of serum “post-third dose” samples revealed an
apparent elevation of the inhibition rate (%) of NAb on WT, but
significantly declined each day after triple injection (3rd dose after
14-89 days: 59.98[33.54, 89.53] vs. 3rd dose after 90-180 days:
47.13[21.74, 79.03] vs. 3rd dose after 180 days: 14.04[3.212, 54.97],
p =0.0491 and p < 0.0001, respectively) (Figure 3B). Noteworthy, we
also uncovered an increased potency of NAb to WT in PLWH with a
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FIGURE 1 Total antibodies against SARS-CoV-2 are boosted following third dose of inactivated SARS-CoV-2 vaccines among PLWH. (A)
Levels of total antibodies against SARS-CoV-2 (OD value) in PLWH and HC subjects at pre- and post- booster (third) dose of inactivated
vaccine. (B) Kinetics of total antibodies responses against SARS-CoV-2 before and after triple dose injection. (C) Comparison of total
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after 180 days. (D) Seropositivity of total antibodies against SARS-CoV-2 in PLWH (red) comparing with HC (blue). Optical Density (OD)

values above 0.19 were regarded as positive.

CD4 cell count of >350 cells/pl (Figure 3C). Moreover, the positivity
of NAb against WT was quite different in PLWH from that in HC
(61.66% vs. 86.89%, p < 0.0001) (Figure 3D).

Moreover, we evaluated the magnitude of humoral responses to
Omicron BA.4/5 variants (most prevalent VOCs nowadays) after the third
dose. The waning tendency of NAb against BA.4/5 at pre- and post-third
dose visits (2nd dose after 180 days: 12.54[10.12, 15.97] vs.3rd dose
after 14-89 days: 22.05[9.528, 38.83] vs. 3rd dose after 90-180 days:
12.47[6.095, 21.38] vs. 3rd dose after 180 days: 5.68[-0.1171, 13.33],
p =0.0010, p = 0.0088 and p = 0.0005, respectively) was found in PLWH
and HC (Figure 4C and Supporting Information: Table S2). Both the
inhibition rate and NAb seropositivity toward BA.4/5 after the third dose
were prominently decreased in PLWH in contrast to HCs (Figure 4A,D,
Supporting Information: Table S2). No difference was discovered among
PLWH subgroups stratified by CD4 cell counts (Figure 4C and Supporting
Information: Figure S1C).

By comparing the effects of NAb in blocking infection toward
SARS-CoV-2 WT and VOC (BA.4/5), we observed decreased

inhibition rates of BA.4/5 than that of WT at the third dose after
14-89 days (22.05[9.528, 38.83] vs. 59.98[33.54, 89.53],
p <0.0001), 90-180 days (12.47[6.095, 21.38] vs. 47.13[21.74,
79.03], p<0.0001) and >180 days (5.68[-0.1171, 13.33] vs.
14.04[3.212, 54.97], p = 0.0003) in PLWH, which was in accord with
HC (Figure 5 and Supporting Information: Table S2). However,
booster vaccination could not invigorate the neutralization ability on
BA.4/5, and the inhibition rate remained low, which was evidently
<30% in PLWH.

3.4 | Correlation of the vaccination period and
magnitude of SARS-CoV-2 antibodies after the
third dose

To further explore the association of antibody responses with
clinical and laboratory parameters, we conducted Spearman's
correlation analyses (Figure 6A). Generally, a robust and significant

858017 SUOWWIOD AITea1D) 8|qed! dde au A peuienob ae Sapiie YO 8sn Jo SNl 10} AZIq18UIUO A8]IM UO (SUORIPUOD-PUR-SLLIBY/LICD"AB | 1M ARIq 1 BUI|uo//SdhY) SUORIPUOD pue SLue 1 8y} 89S *[£202/T0/60] U0 Ariq1Taulluo A8]IM ‘8seulyd 8y L JO Arliq)T-swed Ad 8z8z Awl/Z00T OT/I0p/uoo A3 (1M AeIq Ul |uo//Sdny Woly pepeojumod ‘T ‘£20Z ‘TL06960T



ZHAN ET AL 70f14
MEDICAL VIROLOGY — WILEY
<0.0001 1000 Kinetics after vaccination
<0.0001 9 PLWH
<0.0001 = = HC
<0.0010 <0.0010 i 00044 . 5
1800 " ! <
= 1600 <0.0001 <0.0001 <0.0001 0.0001 [
H r \ r J ! . — 2
S 1400 § h
& 1200~ g s
8 1000 : g T
3 w0 s i) ; ; 8 .
£ 600~ I | %
S 400 L | H | §a i H l
Q 2004 77 I : - : ®
<) SZ1 1 ALY ¥ (48 : \ 2
E; o X2 ) -~ 1 1)....) = o J ...................
£ 200 I '
% 400 T T T T T 1
= -600- }9" ,396 ‘,;9 > &
T T T T T T T T T N & N N &
PLWH HC PLWH HC PLWH HC PLWH HC  PLWH ‘,o""s & y"y & éo""’
¥ o
R o
2nddoseafter 14-89d  2nd dose after 180d  3rddose after 14-89d  3rd dose after 90-180d  3rd dose after 180 d I * ® @&"o ®
3rd dose after 180d
2000 <0.0001
3 0.0029 0.0031
1500 Negative
E 3
3 E
< 3
@ 1000
@ E
E 2 P <0.0001
E 500 1 IgG anti-RBD antibodies
o -
g .
2 4. B>
c
o
) E 1067% n=27 0.55% n=1
500 89.33% n=226 W 99.45% n=182

T T
200sCD4=350 CD4>350 HC

FIGURE 2 IgG anti-RBD antibodies are increased after third dose of inactivated SARS-CoV-2 vaccines among PLWH. (A) Concentrations
(BAU/ml) of IgG anti-RBD antibodies in PLWH and HC subjects at pre- and post-booster (third) dose of inactivated vaccine. (B) Kinetics of IgG
anti-RBD antibodies before and after triple dose injection. (C) Comparison of 1gG anti-RBD antibodies among PLWH classified by CD4 cell
counts (CD4 < 200 cells/ul, 200 cells/ul = CD4 = 350 cells/pl, CD4 > 350 cells/ul) and HC. PLWH with lower CD4 counts <200 cells/pl were not
visualized due to small sample size at post third dose after 180 days. (D) Seropositivity of IgG anti-RBD antibodies in PLWH (red) comparing with
HC (blue). Concentrations among 10-1000 BAU/ml were regarded as positive.

correlation was found between IgG anti-RBD and NAb against WT
(r=0.8366, p <0.0001), IgG anti-RBD and NAb against BA.4/5
(r=0.7082, p=0.0010), NAb against WT and NAb against
BA.4/5 (r=0.7683, p=0.0001) (Figure 6C and Supporting Information:
Table S3). These phenomena are in parallel with the excellent
correlation between anti-spike binding titers and NAb.Y” Simulta-
neously, the inhibition rates of NAb against WT (r=-0.3882,
p=0.0137), NAb against BA.4/5 (r=-0.4031, p =0.0070), and magni-
tude of IgG anti-RBD (r=-0.2327, p = 0.0429) were negatively related
with time after the third dose (Figure 6D and Supporting Information:
Table S3). The heatmap of SARS-CoV-2-specific antibodies similarly
indicated that in PLWH, humoral responses toward vaccination would
gradually diminish with time (Figure 6B), especially at 180-day post-
second and third doses. For the “post-third dose” PLWH, flow
cytometry results revealing an upregulation of NK cells and a down-
regulation of B cells have also verified this speculation (Supporting
Information: Figure S2).

3.5 | Risk factors associated with the seropositivity
of SARS-CoV-2 antibodies

We exploited multivariate logistic analyses to investigate indepen-
dent factors that influence the seropositivity of SARS-CoV-2-specific
antibodies in PLWH who received triple doses of inactivated
vaccines. The characteristics of PLWH were divided into three
categories: clinical information, laboratory determinations, and ART
records (Table 1). Then, three dimensions of PLWH were included to
the logistic regression models step by step, containing adjusted
Model 1 (intake clinical information), adjusted Model 2 (intake clinical
information and laboratory determinations), and adjusted Model 3
(intake clinical information, laboratory determinations, and ART
records) (Table 2).

We uncovered that age (OR =0.964, p =0.048) and time after
the last vaccine dose (OR=0.990, p <0.001) were associated with
NAb seropositivity against WT in adjusted Model 1. When
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FIGURE 3 Neutralizing effect to SARS-CoV-2 wild type (WT) are elevated after triple dose of inactivated SARS-CoV-2 vaccines among
PLWH. (A) Inhibition rates (%) of neutralizing antibodies against WT (NAb against WT) evaluated by SARS-CoV-2 surrogate virus neutralization
test (SVNT) in PLWH and HC subjects at pre- and post- booster (third) dose of inactivated vaccine. (B) Kinetics of NAb inhibition function against
WT before and after triple dose injection. (C) Comparison of NAb inhibition function against WT among PLWH classified by CD4 cell counts
(CD4 < 200 cells/pl, 200 cells/pls CD4 = 350 cells,ul, CD4 > 350 cells/pl) and HC. PLWH with lower CD4 counts <200 cells/pl were not
visualized due to small sample size at post third dose after 180 days. (D) Seropositivity of NAb against WT in PLWH (red) comparing with HC

(blue). Inhibition rate above 30% were regarded as positive.

introducing laboratory variables into adjusted Model 2, the adverse
effect of the WHO disease staging type of PLWH emerged
(OR=1.717, p = 0.035). Age (OR =0.914, p = 0.048), CD4 cell counts
(OR=1.002, p =0.050), and serum Cr (OR=1.072, p=0.028) were
also significant factors affecting positive rates of NAb against WT. As
for NAb positivity against BA.4/5, age (OR=0.946, p= 0.019) and
time after the last vaccine dose (OR = 0.990, p < 0.001) were found as
protective factors in adjusted Model 1, whereas age and TC were
independently associated with it (Table 2).

We found the association of age (OR = 0.930, p = 0.004) and time
from the first vaccine dose to confirmed diagnosis of HIV (OR =
1.000, p = 0.048) with 1gG anti-RBD antibodies positivity in adjusted
Model 1. After incorporating laboratory indicators into logistic Model
2, TC and AST became dominant effectors on the seropositivity of
IgG anti-RBD antibodies (Table 2).

To prove the effect of age on antibody responses among PLWH
who received three vaccine doses, we recruited 28 elder PLWH who

received the third dose after 14-89 days, 8 who received the third
dose after 90-180 days, 15 received the third dose after 180 days,
with precisely matching vaccination period with younger PLWH.
Moreover, age- and vaccination time-matched elder HCs were
enrolled (Figure S3). We found lower levels of total antibodies against
SARS-CoV-2, less inhibition rate of NAb toward WT and BA.4/5, and
decreased concentrations of IgG anti-RBD antibodies in older PLWH than
in younger PLWH, mostly in those 90-180 days post-third dose.

4 | DISCUSSIONS

With the higher infectivity but lower disease severity caused by
Omicron variant, Chinese authorities are now rethinking of altering
“dynamic zeroing policy” into “reopening in an orderly and effective
manner,” which could well balance socioeconomic development and

minimizing confirmed or death cases of China. However, the

858017 SUOWWIOD AITea1D) 8|qed! dde au A peuienob ae Sapiie YO 8sn Jo SNl 10} AZIq18UIUO A8]IM UO (SUORIPUOD-PUR-SLLIBY/LICD"AB | 1M ARIq 1 BUI|uo//SdhY) SUORIPUOD pue SLue 1 8y} 89S *[£202/T0/60] U0 Ariq1Taulluo A8]IM ‘8seulyd 8y L JO Arliq)T-swed Ad 8z8z Awl/Z00T OT/I0p/uoo A3 (1M AeIq Ul |uo//Sdny Woly pepeojumod ‘T ‘£20Z ‘TL06960T



ZHAN ET AL 9 of 14
MEDICAL VIRoLOGY — WILEY
0.0051
Kinetics after vaccination
<0.0001 100
! <0001 : 90 PLWH
0.0010 ! 0.0088 0.0005 80— = HC
150 r r r ) T
<0.0001 0.0005 0.0066 0.0071 2 70
2 0
g s s
. ~ .
E 100 . %
z . 3 409 I T
£ <
1 30
£ - : i
5 4\ .
3 T4\ . [T\ s 2 l
10
Eop= &> J
2 o ’ $ o I\ J
4 H
L -10 T T T T T 1
- >
-50 ) ° & ) »° '@“c &«s
T T T T T T ) T T T é\ ‘o‘ o‘~ o &é
PLWH HC PLWH HC PLWH HC PLWH HC PLWH HC e »° S & &
&F o ?F
Cd Cd 4 Q
2nd dose after 14-89 d 2nd dose after 180 d 3rd dose after 14-89d  3rd dose after 90-180 d 3rd dose after 180 d A& 2 ’9b ’5&60 e
3rd dose after 180d
150-_ <0.0001
] 0.0089
_ 100
= .
B ]
s
3
E P <0.0001
£ ]
2 ] :
F 504 NAD against BA 4/5
5 ]
< |
o
g
E 3
0] s 79.05% n=200 61.75% n=113
20.95% n=53 W 3825% n=70
T T T
200sCD4s350 CD4>350 HC

FIGURE 4 Neutralizing effect to Omicron sublineage BA.4/5 are elevated after triple dose of inactivated SARS-CoV-2 vaccines among
PLWH. (A) Inhibition rates (%) of neutralizing antibodies against Omicron variants BA.4/5 (NAb against BA.4/5) evaluated by SARS-CoV-2
surrogate virus neutralization test (SVNT) in PLWH and HC subjects at pre- and post- booster (third) dose of inactivated vaccine. (B) Kinetics of
NADb inhibition function to BA.4/5 before and after triple dose injection. (C) Comparison of NAb inhibition function to BA.4/5 among PLWH
classified by CD4 cell counts (CD4 < 200 cells/pl, 200 cells/ul £ CD4 £ 350 cells/ul, CD4 > 350 cells/ul) and HC. PLWH with lower CD4 counts
<200 cells/ul were not visualized due to small sample size at post third dose after 180 days. (D) Seropositivity of NAb towards BA.4/5 in PLWH
(red) comparing with HC (blue). Inhibition rate above 30% were regarded as positive.

reopening strategy would bring health burdens on vulnerable
populations. Enforcing vaccination nationwide is of significance in
not only safeguarding herd immunity, but reducing risk of critical
illness progression and mortality among key objects as well.
Therefore, our study focusing on vaccine efficacy among immuno-
compromised individuals might have directive implications on current
gradually loosening epidemic policy. To our knowledge, this study
presents the first large cohort of PLWH focusing on immunological
alterations pre- and post-booster doses of inactivated vaccines. Total
antibodies against SARS-CoV-2 among PLWH were evidently down-
regulated compared with those in HCs 180 days after the second
dose, which were subsequently enhanced to a comparable level with
HCs at the post-third dose sampling time. The reassuring effect of
the booster dose in strengthening humoral responses also generated
in IgG anti-RBD antibodies and in neutralizing antibodies blocking the
WT and Omicron BA.4/5 lineage among PLWH, although their
seropositivity was significantly lower than that of HCs. However,

owing to the minimal inhibition rate of NAb on BA.4/5, the third dose
regimen of an inactivated vaccine appears to not be able to avoid the
escape of BA.4/5 subvariants from the immune system in both
PLWH and HCs.

Numerous studies have proved the strong immune responses of
two-dose vaccination in PLWH with preserved disease status on
ART. 1018 Attenuating vaccine effectiveness has been claimed within
6 months after the second dose.*?2° Similarly, we indeed observed a
dramatic decrement >180 days after the second inactivated vaccine
dose. In a longitudinal cohort, a significant decrement of NAb titers
was identified 8 months after the second inactivated vaccine dose,?*
which was distinctly mitigated by the triple-dose immunization
regimen.?? Thus, there exists an urgent necessity for a booster
vaccination to enhance protection, especially for most-at-risk
populations. Recently, Vergori et al. revealed a higher antibody
response of PLWH inoculated with the third dose of COVID-19
mRNA vaccine than with the second dose.?® From a British cohort,
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FIGURE 5 Waning humoral responses towards BA.4/5 after booster vaccination in both PLWH and HC. As it presented, inhibition functions
of NAb against BA.4/5 (dark blue bar) were significantly decreased in both PLWH and HC than that against WT (purple bar). Seropositivity of
NAb against BA.4/5 remained below positive threshold (30%) at all sampling time after vaccination.

53 participants with HIV who received a booster mRNA dose have
shown increased B and T cell immunity.?* An equivalent antibody
concentration and a slightly higher blocking activity of NAb have
been established in “post-third dose” immunogenicity among
PLWH.2> We found enhanced humoral reactivity in PLWH after
the booster dose of inactivated vaccine, including 1gG anti-RBD and
NAb toward WT and Omicron subvariants, which were prominently
inferior to HCs. The scarcity of evidence has hampered further
exploration of immunological kinetics beyond the third intramuscular
vaccine dose among PLWH. The booster effect of inactivated
vaccines exceeded the post-second dose levels and reached its peak
14-89 days after the third dose and then decreased at a faster rate in
PLWH than in HCs over time, which precisely filled this gap.
Furthermore, we simultaneously revealed the time after the last
vaccine dose as an independent risk factor influencing NAb positivity
to both WT and Omicron BA.4/5. The durability of vaccine
immunogenicity affects antibody responses in our PLWH cohort.
This was consistent with the previous finding that in a randomized
trial of healthy participants, the geometric mean of neutralization
titers toward SARS-CoV-2 reached its peak at 14 days, diminished at
28 days, and retained 180 days after the booster dose of
CoronaVac.?

Risk factors in PLWH also influence the serological response
toward SARS-CoV-2 vaccine. For PLWH who received the second
inactivated vaccine dose, those with low CD4 nadir achieved lower
seroconversion rates, NAb inhibition rates, and positivity rates than

PLWH with well-controlled CD4 cell counts.®?”-28 CD4 cell counts
also diversify the neutralizing function of SARS-CoV-2-specific
antibodies in PLWH after triple injections of SARS-CoV-2 vaccine,?’
since the activation of CD4 T cells stimulates B cell proliferation, thus
leading to NAb generation to inhibit the invasion of pathogens.®° Our
results consistently uncovered a significant improvement of IgG anti-
RBD antibody titers and neutralizing rate against WT in PLWH who
have 200 cells/pl £ CD4 £ 350 cells/pl than those with CD4 < 200
cells/ul 3 months after the third dose. Meanwhile, we identified CD4
cell counts and WHO disease staging type as risk factors for NAb
seropositivity to WT. Moreover, we additionally found that there
exists significant relationship between CD4 cell counts and total
antibodies against SARS-CoV-2 (p=0.0096), I1gG RBD antibodies
(p =0.0395) and NAb towards WT (p = 0.0124) among PLWH, but not
in HC (Supporting Information: Figure S4). From a British study
recorded 54 PLWH who completed the vaccination schedule with
ChAdOx1 nCoV-19,2° they found no correlation of antibody
responses and CD4 count at day 56 after completing booster
vaccine. We consider that this difference from our study is attribute
to the PLWH enrolled in their study were those with undetectable
plasma HIV viral loads (<50 copies per ml), and CD4 counts of more
than 350 cells per pL, where we did not set this restriction to our
enrollment criteria. To be noticed, 24 PLWH who received two
injections of inactivated SARS-CoV-2 vaccines from Yunnan,®!
presented a close association between neutralizing antibodies and
levels of CD4 absolute counts (r = 0.610, p = 0.002), but no statistical
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FIGURE 6 Correlation of vaccination period and the magnitude of SARS-CoV-2 antibodies after third dose. (A) Correlation heatmap
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(D) Associations of NAb against WT (%), NAb against BA.4/5 (%), 1gG anti-RBD antibodies titers (BAU/ml) and time after last vaccine.

correlation of CD4+ CD45R0O+ memory T cells and NAbs (p = 0.310).
Moreover, they did observe a prominently decreased expression of
IL-17A and IL-4 in CD4 T cells among PLWH than HC subjects,
suggesting the lower SARS-CoV-2 antibody levels might be caused
by a weaker pro-inflammatory role of Th17 in vaccine-elicited
memory and an impairing influence of Th2 on IgG1 production. At the

same time, another cohort from Thailand containing 335 healthy
subjects®2 has elucidated that CoronaVac vaccines more intend to
activate Th2 (CD3+CD4+IL-4+) cells proved by the decrement of
Th1/Th2 ratio after the second CoronaVac inoculation, thus no
correlation was found either in T cell counts and antibody responses
orin anti-RBD IgG levels and IFN-y+ T cells. The Th2 priming immune
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TABLE 2 Risk factors associated with seropositivity of SARS-CoV-2 specific antibodies in PLWH received booster inoculation

Categories Risk factors OR 95% CI p Value
NAb against WT Adjusted Model 1 Age 0.964 0.929-1.000 0.048
Time after last vaccine 0.990 0.987-0.994 <0.001

Adjusted Model 2 WHO disease staging type 1.717 1.038-2.840 0.035

of PLWH

Adjusted Model 3 Age 0.914 0.836-0.999 0.048

CD4 counts 1.002 1.000-1.005 0.050

Cr 1.072 1.008-1.140 0.028

NADb against BA.4/5 Adjusted Model 1 Age 0.946 0.903-0.991 0.019
Time after last vaccine 0.990 0.986-0.995 <0.001

Adjusted Model 2 Age 0.932 0.871-0.997 0.041

Adjusted Model 3 TC 1.696 1.098-2.618 0.017

Age 0.932 0.871-0.997 0.041

TC 1.696 1.098-2.618 0.017

IgG anti-RBD antibodies Adjusted Model 1 Age 0.930 0.885-0.977 0.004
Time from first vaccine to 1.000 1.000-1.001 0.048

confirmed diagnosis of HIV
Adjusted Model 2 TC 5.735 1.014-32.433 0.048
AST 0.908 0.825-1.000 0.050

Abbreviations: AST, aspartate aminotransferase; Cr, creatinine; NAb, neutralizing antibody; PLWH, people living with HIV; TC, total cholesterol.

responses triggered by CoronaVac is quite distinct from Th1-skewed
environment caused by mRNA vaccines,® providing solid evidence
for discrepant immunological reactions to different platforms of
COVID-19 vaccines. For studies concentrating on cellular responses,
increased magnitudes of S protein specific CD4+ and CD8+ T cell
responses were found on both PLWH and HC after double doses of
inactivated vaccines,'® however, the result of which varied between
studies.>*3> Therefore, cellular responses towards different plat-
forms of vaccination could be diversified, but CD4 T cells counts
exactly play an important role in vaccine-induced specific responses
among PLWH. Regrettably, due to sample volume restrictions, we
were not able to furtherly analyze the exact association of
SARS-CoV-2 specific CD4 cells and the corresponding antibody
responses. A more integrated experiment should be conducted
among PLWH after a booster inactivated COVID-19 vaccine and
concentrate on cellular responses especially for Th2 cells, in forming
a weakened immunological environment that attenuates the efficacy
of COVID-19 vaccination.

In addition, our multivariate logistic analyses suggest age as a
protective element for the positivity of NAb to WT, NAb to BA.4/5,
and IgG anti-RBD antibodies. Ramasamy et al. claimed that the total
I1gG levels of anti-RBD and anti-spike protein antibodies gradually
decreased with increasing age after 28 days of inoculation with
adenovirus vector vaccine; however, after the booster dose, a similar
antibody spectrum was identified regardless of age.*® Both the
neutralizing capacity and T cell reactivity were evidently lower in

older people than in younger ones after the two-dose vaccination of
BNT162b2.%7 It appears that the antibody profiles to vaccination
prevention in older individuals respond ineffectively and decline
easily owing to immunosenescence and comorbidities®; therefore,
regular boost shots and shortened vaccine intervals might help.
Intriguingly, we found AST and TC as independent factors associated
with the positive proportion of NAb to BA.4/5 and IgG anti-RBD
antibodies, suggesting the central function of the liver in regulating
antibody production.®?4°

Concerns regarding the efficacy on Omicron variants have
emerged. The Omicron lineage BA.4/5 that evolved from BA.2
caused a wave of global infection. The great escape of neutralization
on BA.4/5 compared with BA.1 and BA.2 was found among triple-
dosed participants and in the serum of those who suffered break-
through infections of BA.1.2*> Our study identically discovered a
decreased inhibition rate of NAb toward BA.4/5 compared with that
of WT and evidently lower NAb capacity on both WT and BA.4/5 in
post-third dose PLWH than HCs, which was attributed to the
damaged immune system by HIV invasion. Despite receiving
the booster dose, PLWH still hold a lower-than-threshold inhibition
rate of NAb against BA.4/5, facilitating easier evasion and break-
through infection of Omicron sublineage because all the current
vaccines utilize spike protein derived from the ancestral Wuhan virus
and become less protective of the antigenic evolution of subvariants.
To eliminate the transmission of new strains, a tailored vaccine for

Omicron is imperative.** “Additional primary dose” on the vaccine
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strategy for immunocompromised patients to augment COVID-19
protection has been also raised.*?

This study has some limitations. Given the cross-sectional design,
we could not access serial samples of PLWH and monitor the
dynamic immunological response toward each dose of the inactivated
vaccine. Although the precise matching of age and time after
vaccination of each dose among PLWH and HC, there still exist
gender discrepancies, this might contribute to biased understanding
of our current result, which should be carefully avoid in future study
designs. Antibody detection could sufficiently explain the clinical
phenomena of breakthrough infections, nevertheless why these
happen needs to be supported by cellular immune data. Limited blood
sample volume hindered further exploration of the underlying
concomitant alterations of cellular and humoral responses after the
booster dose among PLWH, especially in finding correlations
between SARS-CoV-2 specific CD4 T cells and corresponding
antibody responses among both PLWH and HC. A larger prospective
cohort to investigate cellular responses after the booster dose of
inactivated vaccine and a comparison of the relative immunological
reactions triggered by different platforms of SARS-CoV-2 vaccine are

indispensable.

5 | CONCLUSIONS

In conclusion, the booster effect of an inactivated SARS-CoV-2
vaccine in PLWH augments antibody responses and neutralizing
ability, which attenuates over postinoculation time, despite being
lower than that in HCs. A decreased inhibition rate of NAb against
BA.4/5 compared with WT gives rise to the possibility of break-
through infections. Age, CD4 cell counts, and time after the third
dose are dominant independent factors for the seropositivity of
SARS-CoV-2-specific antibodies. Dynamic insights into immune
responses and serologic antibody determinations after the booster
dose should be fostered to optimize the best timing of injection and
maximize the benefit of additional vaccination.
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