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SUMMARY

Cytomegalovirus (CMV) infection remains one of the most frequent and life-
threatening infectious complications after allogeneic hematopoietic stem cell
transplantation (allo-HSCT). Herein, we comprehensively compared the immune
cells of patients with uncontrolled and controlled CMV infection post-allo-HSCT
and found that B-cells were extraordinarily insufficient because of impaired
B-cells reconstitution in the uncontrolled infection group. Furthermore, in the
controlled infection group, reconstructed B-cells showed signatures of mature
B-cells, high expression of CXCR4 and IFITM1, and enrichment of CMV-associated
B-cell receptors, which were lacking in the uncontrolled infection group. Consis-
tently, sera from the uncontrolled infection group failed to inhibit CMV infection
via neutralizing virus in vitro because of its lower content of anti-CMV-specific
immunoglobulin G (IgG) than the controlled infection group. Overall, these re-
sults highlighted the contribution of B cells and anti-CMV-specific neutralizing
IgGs to the restraint of CMV infection post-allo-HSCT, suggesting their potential
as a supplementary treatment to improve outcomes.

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is used as a curative treatment for many
hematologic malignancies, hematological disorders, and other immune deficiencies. However, many com-
plications, such as acute graft-versus-host disease (aGVHD), pre-engraftment syndrome, and various path-
ogen infections, have hampered the improvement of prognosis (Einsele et al., 2020; Jin et al., 2021; Saber-
ianetal., 2021). Cytomegalovirus (CMV) is a leading cause of post-transplant infections and was once called
the troll of transplantation because of its high prevalence worldwide and its negative impact on the prog-
nosis of allo-HSCT and solid organ transplant patients (Kumar and Selzner, 2020). Owing to the use of
several direct anti-CMV agents, such as ganciclovir, valganciclovir, sodium phosphonate, and cidofovir,
CMV reactivation, CMV disease, and mortality were significantly reduced among allo-HSCT recipients
(Marty et al., 2017). However, prolonged and repeated administration of antiviral agents often leads to
myelosuppression, unfavorable specific immune recovery, and drug resistance (El Chaer et al., 2016; Za-
mora et al.,, 2021). Moreover, long-term CMV infection has been associated with increased GVHD and
no-relapse mortality, which are exacerbated by drug-induced myelosuppression (Akahoshi et al., 2021;
El Chaer et al., 2016; El Helou and Razonable, 2019). Of interest, immunotherapy has revolutionized the
management of a variety of diseases, especially cancer and infectious diseases (Arnaldez et al., 2020; Liu
et al., 2021), and thus combining immunotherapy and antiviral drugs for long-term recurrent CMV infec-
tions after HSCT should be a promising therapeutic approach.

The application of adoptive CMV-specific T cell immunotherapy and vaccines has been attempted to miti-
gate the impact of infection and achieve improved therapeutic effects (Aldoss et al., 2020; Griffiths et al.,
2011). However, these attempts encountered several challenges in early clinical studies, such as extending
culture time in vitro, optimizing the purity of virus-specific T cell products, potential limitations of targeting
a single viral antigen, and managing patients with uninfected donors (Roddie and Peggs, 2017). Moreover,
several prophylaxis and treatment regimens for immunosuppression, mainly targeting T-cells, are widely
applied for the prevention or attenuation of GVHD currently. Of note, adoptive transferred virus-specific
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2021; Liu et al., 2020). In addition, it is not fully understood whether other immune cells play important anti-
viral roles in the presence of immunosuppressants in patients after allo-HSCT. Thus, an analysis of the gene
expression signature of the immune cell profile of patients using new high-throughput technology should
be helpful in comprehensively evaluating the causes of failure to inhibit CMV infection in patients after allo-
HSCT in the presence of immunosuppressants.

In this study, we comprehensively compared the composition of immune cells of patients with uncontrolled
and controlled CMV infection using single-cell sequencing to clarify the cellular mechanisms responsible
for improved prognosis. We found that the number of B-cells in patients with uncontrolled CMV infection
was insufficient because of delayed reconstitution. Both CMV-associated B-cell antigen receptors (BCRs)
and anti-CMV-specific immunoglobulin G (IgG) were deficient in patients with uncontrolled CMV infection.
Importantly, our results indicated that exogenous supplementation of anti-CMV-specific IgG in patients
with low specific IgG at 2 months after allo-HSCT effectively alleviated uncontrolled CMV infection, and
could be used synergistically with antiviral agents to improve transplant outcomes.

RESULTS

Uncontrolled CMV infection in patients after UCBT is associated with an unfavorable
prognosis

First, we analyzed the cumulative incidence of CMV infection in 114 patients receiving unrelated cord blood
transplantation (UCBT) and 82 patients receiving peripheral blood stem cell transplantation (PBSCT) within
240 days after transplantation (Figure S1and Table S1). We found that although the incidence of infection in
the PBSCT group was lower than that in the UCBT group (at day 240, 6'/s2 versus 101/114, p = 0.0126), it
exceeded 70% in both groups (Figure 1A). To further assess the severity of CMV infection, we analyzed
the duration of CMV activation in 170 patients with UCBT and 61 patients with PBSCT who experienced
CMV infection (Figure 1B). We then divided patients into a controlled infection group (CMV reactivation
duration <60 days) and an uncontrolled infection group (CMV reactivation duration >60 days or CMV dis-
ease accompanied by the death of the patient). Consistent with the trend of incidence, we observed that
the proportion of uncontrolled infection in patients receiving UCBT was higher than that in those receiving
PBSCT (57.64% versus 22.95%, p = 0.0001) (Figure 1C). These results suggested that UCBT is a suitable
model for studying uncontrolled CMV infection after allo-HSCT.

To further determine the influence of uncontrolled CMV infection on long-term survival after allo-HSCT, we
analyzed the survival of 170 patients with UCBT (Table S2). Our data showed that the survival of patients
with uncontrolled CMV infection was significantly worse than that of patients with controlled infection
within 30 months after transplantation (Figures 1D and 1E, p = 0.0358 and p = 0.0358, respectively). These
data indicated that uncontrolled CMV infection after allo-HSCT is an important threat to transplant
outcomes.

The number of B-cells was insufficient in patients with uncontrolled CMV infection after UCBT
To further clarify the role of immune subsets in controlling CMV infection after UCBT, we collected fresh
PBMCs from 6 patients whose durations of CMV infection after transplantation were 28, 30, 55, 90, 92,
and 120 days, respectively, for single-cell sequencing (Table S3). After removing low-quality cells, we ob-
tained a total of 35,390 cells for further analysis (Figure S2A).

To systematically analyze immune cell populations, we normalized and summarized single-cell data from
these 6 samples, and performed unsupervised clustering to identify distinguishable populations. We anno-
tated these populations using their typical markers and successfully identified the major circulating im-
mune cell types, including T-cells, NK cells, B-cells, monocytes, DCs, plasma cells, and a very small fraction
(1.31%) of mixed classification cells. We noticed that the expression of classical markers for these cell types
was consistent with the annotation (Figure S2B). We then divided patients into uncontrolled infection and
controlled infection groups to compare the distribution of immune cells in the t-SNE plot between the 2
groups. As shown in Figures 2A and S2C, the most evident difference between the 2 groups was the insuf-
ficient number of B-cells in the uncontrolled infection group. Considering the important antiviral role of
T-cells and NK cells, we analyzed the expression of related antiviral molecules between the 2 groups of pa-
tients. Our results showed that there was no significant difference in the expression of IFNG, TNF, PD1
(PDCD1), TIGIT, and NKG2D (KLRK1) between the two groups, despite the higher expression of KLRG1
in the controlled infection group (Figure S2D).
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Figure 1. Association of uncontrolled CMV infection after allo-HSCT with an unfavorable prognosis

(A) Cumulative incidence of CMV infection in 114 cases with UCBT (purple line) and 82 cases with PBSCT (green line) for
240 days after allo-HSCT. Presentation of CMV DNAemia or CMV end-organ disease was defined as the occurrence of
CMV infection. The data below the graph represent the number of patients without CMV infection at each indicated time.
(B) Distribution of percentages of the duration of CMV activation in 170 UCBT patients (top panel) and 61 PBSCT patients
(bottom panel) with CMV DNA infection after allo-HSCT.

(C) Proportion of patients with controlled (CMV reactivation duration <60 days) and uncontrolled infection (CMV
reactivation duration >60 days or CMV disease accompanied by the death of patient) in the UCBT (n = 170) and PBSCT
(n = 61) groups.

(D) Overall survival of patients in the controlled (n = 70) and uncontrolled (n = 100) infection groups within 900 days after
UCBT.

(E) Prognostic distribution in the uncontrolled and controlled infection groups 900 days after UCBT. Fisher's exact tests
were used in panels A (at day 240 after transplant), C (at day 240 after UCBT), and E (at day 900 after UCBT). Log-rank
(Mantel-Cox) tests were performed in panel D. CMV, cytomegalovirus; allo-HSCT, allogeneic hematopoietic stem cell
transplantation; UCBT, unrelated cord blood transplantation; PBSCT, peripheral blood stem cell transplantation.

Owing to the important antiviral role of T-cells and NK cells, we evaluated their ability to secrete antiviral
cytokines in patients after UCBT (see Table S4 for patient characteristics). Surprisingly, we found that under
the stimulation of PMA and ionomycin, the proportions of TNF-o.* CD8"T-cells, IFN-y* CD8"T-cells,
TNF-o.© CD4"T-cells, and TNF-a" NK cells were significantly lower than those in healthy controls
(p<0.05, Figure S3), with no significant difference between the uncontrolled and controlled infection
groups (p> 0.05, Figure S3), possibly because of the immunosuppressants received after transplantation.
Moreover, we also stimulated PBMCs from patients baring alleles HLA-A*0201 or HLA-A*1101 with
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Figure 2. Insufficiency of B-cells in patients with uncontrolled CMV infection

(A) T-SNE plots of 35,900 high-quality peripheral blood mononuclear cells (PBMCs) from patients with controlled (n = 3)
and uncontrolled (n = 3) infection showing the distribution of different cell populations based on the expression of known
marker genes. PBMCs were collected from 6 patients 6 months after UCBT and then single-cell RNA sequencings were
performed using the 10x Genomics platform. B-cells are highlighted by the dotted box.

(B) T-SNE plots of immune cell profiles of each patient. The duration of CMV infection of each patient is indicated by the
depth of color.

(C) Fractions of B-cells, CD4*T-cells, CD8*T-cells, NK cells, monocytes, and dendritic cells in patients with controlled and
uncontrolled infection. Each dot represented a patient. Data are shown as the mean + SD and analyzed using an
unpaired, two-tailed, Student's t test.

ppb5-specific peptides and found that there was no significant difference in IFN-y production between
the controlled infection group (n = 10) and the uncontrolled infection group (n = 11), which were lower
than the control group (Figure S4 and Table S5). These results suggested that the most important
cause of the difference between controlled and uncontrolled infections might not be attributed to T and
NK cells.
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Figure 3. Impaired reconstitution of B-cells in patients with uncontrolled CMV infection

(A) Representative flow cytometry plots showing proportions of B-cells (CD3~CD19"), T-cells (CD3"CD567), and NK cells (CD3~CD56") in peripheral blood
and proportions of CD4*T-cells, and CD8"T-cells in patients with controlled and uncontrolled infection at day 180 after UCBT.

(B-E) Violin plot showing proportions of B-cells (B), NK cells (C), T-cells (D), and CD8"T-cells (E) in the controlled infection group at day 60 (n= 27), 90
(n=29),120 (n= 22), and 180 (n= 26) after UCBT, and uncontrolled infection group at day 60 (n= 13), 90 (n= 21),120 (n= 23), and 180 (n= 21) after UCBT. The
proportion of cells between the two groups was analyzed using Mann-Whitney test.

(F) Correlations of proportions of peripheral blood B-cells in patients at day 120 (n = 45) and 180 (n = 47) (G) after UCBT with the duration of CMV infection
(Pearson r correlation test).

The distribution of immune cells in each patient is presented in Figure 2B. We detected that all 3 patients in
the uncontrolled infection group had an anomalous reduction in the number of B-cells, especially pat#S6,
whose CMV infection lasted for 120 days. In addition, there was no significant difference between the two
groups in the proportion of other immune cells except B-cells (Figure 2C). These results indicated that the
number of B-cells was insufficient in patients with uncontrolled CMV infection compared with the
controlled CMV infection group.

B-cell reconstitution was impaired in patients with uncontrolled CMV infection after UCBT

To further confirm the difference in the content of B-cells between the uncontrolled and controlled infec-
tion groups, we dynamically monitored the immune cell subsets of patients at 60, 90, 120, and 180 days
after transplantation (see Table S6 for patient characteristics). We found that the proportion of B-cells in
the uncontrolled infection group was 0.5% (257-75% quartile: 0.2-1), which was significantly lower than
the 1.25% (0.3-11.83) observed in the controlled infection group on day 120 (p = 0.0303). Similar results
were obtained on day 180 after transplantation (4.2% [0.5725-11.9] versus 12.81% [4.435-23.75], respec-
tively, p = 0.0157, Figures 3A, 3B, and S5A). However, we did not detect any differences in the proportion
and number of NK cells, T-cells, CD8*T-cells, or the ratio of CD4/CD8 at any time point (Figures 3A, 3C-3E,
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and S5, p> 0.05). Moreover, we noticed that the duration of CMV infection was negatively correlated with
the proportion of B-cells on post-transplantation day 120 (p = 0.0006, r = —0.4665; Figure 3F) and 180 (p =
0.0038, r = —0.3985; Figure 3G). These data indicated that the reconstitution of B-cells is impaired in pa-
tients with uncontrolled CMV infection after transplantation.

Reconstituted B-cells are mature in patients after UCBT

To further clarify the characteristics of reconstituted B-cells after transplantation, we performed an unsu-
pervised clustering analysis using single-cell transcriptome data of 2938 B-cells from all 6 samples. Based
on the differential expression of genes, we identified 5 distinguishable B-cell populations (Figures 4A and
4B), which were termed B-C1-IFITM1, B-C2-CXCR4, B-C3-CD24, B-C4-memory, and B-C5-activated ac-
cording to their characteristic expressed genes (Figure 4C). We also analyzed the expression of several
marker genes involved in B-cell maturation in these cell populations. We observed that CD19, CD20,
TCL1A, IGHD, IGHM, CD79A, and CD79B were highly expressed in the cell population, whereas CD5
was low expressed, suggesting that the reconstituted B-cells were mature and exhibited a normal immune
function (Figure 4D). Meanwhile, IL-10, TGFB1, IL12A, and IL35B (EBI3) were lowly expressed in these
B-cells, indicating a reduced immune suppressive effect (Figure 4E). These results suggested that the re-
constituted B-cells after UCBT are mature B-cells with antiviral potential.

CMV-associated BCRs are deficient in patients with uncontrolled CMV infection

To further determine whether the ability of antiviral B-cells to restrain CMV infection in patients with uncon-
trolled infection was impaired, we compared the distribution of B-cell subsets between uncontrolled and
controlled infection groups. According to the t-SNE plot, compared with the controlled infection group,
the B-C1-IFITM1and B-C2-CXCR4 populations highlighted by the dotted box were dramatically decreased
in the uncontrolled infection group (Figure 5A). The CXCR4 signaling has been reported to direct Igk
recombination and orchestrate late B-cell lymphopoiesis (Mandal et al., 2019). In addition, interferon-
inducible transmembrane protein 1 (IFITM1) restricts infection from enveloped DNA viruses that enter
through the plasma membrane (Smith et al., 2019). The present study suggested that in patients with un-
controlled infection, the ability of B-cells to inhibit viral infection was compromised.

Given the essential role of specific BCR in recognizing viral antigens, we analyzed the expression of immu-
noglobulin heavy chain variable region (IGHV) genes in B-cells and detected the enrichment of certain
IGHV genes (marked in red) that are associated with CMV recognition (Kostareli et al., 2009; Steininger
etal., 2012) in the top 56 IGHV genes (Figure 5B). PBMCs from CMV seropositive donors were co-cultured
with inactivated CMV, R848 (a TLR7/TLR8 agonist) and rhIL-2 for 7 days (Pinna et al., 2009), and a large num-
ber of plasma cells could be detected (Figures S6A and S6B). Enhanced expression of IGHV1-69D, IGHV3-
30, IGHV4-34, and IGHV4-39 after stimulation were detected, although the dominant IGHV genes varied in
different individuals (Figure S6C). Next, we compared the expression of IGHV4-39, IGHV1-69D, IGHV4-34,
and IGHV3-30 between the 2 groups and found that IGHV4-39, IGHV1-69D, and IGHV4-34 were insufficient
in B-cells from patients with uncontrolled infection (Figures 5C and 5D). Moreover, we verified the defi-
ciency in the expression of IGHV4-39 and IGHV1-69D in some patients with uncontrolled infection whereas
IGHV4-34 and IGHV3-30 were expressed in both groups (Figure 5E). These data suggested that B-cells in
patients with uncontrolled CMV infection after UCBT were not only deficient in number but also lacked the
expression of antiviral-related genes and the expansion of B-cell clones that specifically recognize the CMV
antigen.

Prompt supplement of CMV-specific neutralizing antibodies facilitated inhibition of CMV
infection

To further explore whether B-cells affect CMV infection by producing specific antibodies, we assessed the
content of anti-CMV-specific immunoglobulin G (IgG) in the serum of 23 patients (Table S7) with CMV re-
activation 2 months after UCBT (Figure S7). We found that the anti-CMV IgG content in the controlled infec-
tion group was higher compared with that in the uncontrolled infection group (247.2 [165.5-304.7] versus
142.3[119.3-157.9] pg/mL, p = 0.0056; Figure 6A).

Next, we applied the neutralization cell model in vitro to verify whether anti-CMV IgG in the post-transplant
serum mediates neutralization and protection against CMV infection (Figure S7A, see Table S8 for patient
characteristics). We noticed that at 16-fold dilution, serum from the controlled infection group and an
exogenous high titer of anti-CMV IgG notably inhibited viral replication, whereas CMV was not neutralized
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Figure 4. Maturation characteristics of reconstituted B-cells in patients after UCBT

(A) T-SNE plot of 2938 high-quality B-cells from 6 patients for subcluster visualization based on single-cell transcriptomes, with 5 clusters identified using
unsupervised clustering which were termed B-C1-IFITM1, B-C2-CXCR4, B-C3-CD24, B-C4-memory, and B-C5-activated.

(B) Heatmap of top 8 cluster-specific gene expressions in each B-cell cluster. Gene expression is color-coded according to a scale based on Z score
distribution.

(C) Dot plot of representative gene expressions in 5 B-cell subsets mentioned above, based on log, normalized Z score (count +1).

(D) Same t-SNE plot as shown in panel (A), showing the expression of CD19, CD20, CD5, TCLA1, IGHM, IGHD, CD79A, and CD79B in each cluster.

(E) Same t-SNE plot as shown in panel (A), showing the expression of IL10, TGFB1, IL12A, and IL35B in B-cells. Low to high levels of expression are color-
coded from gray to red.
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Figure 5. Deficiency of CMV-associated BCRs in patients with uncontrolled CMV infection

(A) T-SNE plot of 2938 high-quality B-cells from patients with controlled and uncontrolled infection for subcluster visualization based on single-cell
transcriptomes. The B-C1-IFITM1and B-C2-CXCR4 populations were highlighted by the dotted box.

(B) Heatmap of the expression of top 56 IGHV genes in 2938 B-cells. Gene expression is color-coded according to a scale based on Z score distribution.
Genes that might be associated with CMV-specific recognition are marked in red.
(C) T-SNE plots of the expression of IGHV4-39, IGHV1-69D, IGHV4-34, and IGHV3-30in B-cells from patients with controlled and uncontrolled infection. Low

to high levels of expression are color-coded from gray to red.

(D) Dot plot of the expression of IGHV4-39, IGHV1-69D, IGHV4-34, and IGHV3-30 in patients with controlled and uncontrolled infection, based on log,

normalized Z score (count +1).

(E) RT-PCR analysis of the expression of IGHV4-39, IGHV1-69D, IGHV4-34, and IGHV3-30 in lymphocytes isolated from patients with controlled and
uncontrolled infection (5 cases per group, day 60 after UCBT). ACTB was included as an internal control. Immunoglobulin heavy chain variable region, IGHV.
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Figure 6. Inhibition of CMV infection with serum from patients in the controlled infection group and CMV-specific neutralizing antibodies

(A) Violin plot showing concentrations of CMV-specific antibodies in serum of patients with controlled (n = 12) and uncontrolled infection (n = 11) at 2 months
after UCBT using ELISA (Mann-Whitney test).

(B) Representative images of cytopathic effects of serum- or anti-CMV IgG-treated CMV on MRC-5 at 60 h after infection. Serum from patients in these 2
groups (n = 5) at 2 months after UCBT and anti-CMV IgG were diluted as indicated and incubated with CMV at 37°C for 30 min. Then, the neutralized CMV
was used to infect MRC-5 cells. After 2 h, the supernatant was discarded and replaced with the medium containing 1% FBS for 48-72 h for further detection.
(C) Real-time PCR analysis of copies of the CMV IET gene in MRC-5 cells at 48 h after infection. Data are shown as the mean + SD and analyzed using the
unpaired, two-tailed Student's t test.
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Figure 6. Continued

(D and E) Western blotting analysis (D) and representative images of immunofluorescent staining (E) of the expression of IE1/2 and pp65 in MRC-5 cells 72 h
after CMV infection (serum and anti-CMV IgG were diluted 1:16, and B-Actin was used as an internal control).

(F) Representative FACS plots (left panel) and statistical analysis (right panel) of the proportion of pp65" MRC-5 cells 72 h after infection (serum and anti-CMV
1gG were diluted 1:16, n = 5). Data are shown as the mean + SD and analyzed using the unpaired, two-tailed Student's t test. Each dot represented a patient.
Dpi, days post infection.

by serum from the uncontrolled infection group, which showed the highest proliferation (Figure 6B). At a
dilution of 1:64 or 1:256, only anti-CMV IgG effectively inhibited CMV replication, whereas the sera from
both groups failed to attenuate proliferation (Figure 6B). We also observed that cytopathic effects (CPE)
were most evident at 1-fold, 6-fold, and 25-fold dilutions in the uncontrolled infection group. However,
anti-CMV IgG remarkably impeded CPE at 1:16, 1:64, and 1:256 dilutions, whereas CPE was inhibited at
16-fold dilution in the controlled infection group (Figure 6C). Confocal microscopy showed that almost
all cells in the uncontrolled infection group expressed IE1/2 in the nucleus and ppé5 in the cytoplasm, indi-
cating that most cells were infected and underwent viral replication and synthesis (Figure 6D). In contrast,
we observed a relatively scant expression of ppé5 and [E1/2 in the other 2 groups, suggesting the remark-
able inhibition of CMV infection. Western blotting and flow cytometry analyses further confirmed our find-
ings (Figures 6E, 6F, and S7B). In addition, we found that anti-CMV IgG levels decreased significantly
6 months after UCBT when CMV DNaemia disappeared completely (Figure S7C).

To further explore the role of the addition of anti-CMV-specific IgG in the prevention of uncontrolled infec-
tion in vivo, we performed a retrospective analysis, including the control group (conventional anti-CMV
prophylaxis, n = 64) and combination group (anti-CMV IgG and conventional prophylaxis). As shown in
Table S9, the incidence of uncontrollable infection was reduced compared with the control group (33.75
versus 59.37%, p = 0.0025). There was no significant difference in the incidence of CMV between the two
groups which may be related to more use of immunosuppressants (ruxolitinib and basiliximab) in the com-
bination group because of the high incidence of aGVHD >2. These results indicated that CMV infection
was not blocked in patients with uncontrolled infection because of an insufficient amount of CMV neutral-
izing antibody, whereas CMV infection might be effectively prevented by early and prompt anti-CMV 1gG
supplementation after UCBT.

DISCUSSION

In this study, we showed that B-cells and anti-CMV-specific antibodies play a crucial role in restraining un-
controlled CMV infection after allo-HSCT. We focused on patients with uncontrolled CMV infection who
experienced long-term CMV reactivation or death after allo-HSCT owing to poor overall survival (Redde-
hase, 2016). A moderate peak CMV titer has been associated with decreased recurrence, potentially
because of the promotion of T cell reconstitution, whereas higher CMV titers, which correspond to the un-
controlled infection group in our study (Table S2), have been associated with higher non-relapse mortality
(Admiraal et al., 2017; Leserer et al., 2021). Therefore, we proposed that the goal of CMV reactivation man-
agement is to prevent serious and prolonged infection while retaining controlled CMV reactivation to
maintain enhanced T cell reconstitution and provide the graft-versus-leukemia effect. There were fewer
stem cells from cord blood than from peripheral blood and bone marrow, leading to a greater risk of path-
ogen infection after transplantation (McGoldrick et al., 2013); we also noted that the longer durations of
CMV infection coincided with UCBT patients in our study (Figure 1B). Therefore, we believe that UCBT is
a suitable model for studying uncontrolled CMV infection after allo-HSCT.

Considerable evidence has suggested that NK cells and CMV-specific T-cells play a crucial role in protect-
ing the virus from reactivation (El Haddad et al., 2019) and predicting the risk of CMV reactivation (Camargo
et al., 2019). Studies in patients with PBSCT have shown that CMV-specific T cells from third-party sources
have achieved similar efficacy to that from donors (Pei et al., 20173, 2017b, 2022; Zhao et al., 2020). Because
of donor limitation of UCBT, it is difficult to culture donor-derived virus-specific T cells, so third-party virus-
specific T cell and yd T-cells therapy may hold exciting prospects. In this study, we explored the antiviral
function of T and NK cells. Nevertheless, the levels of cytokines secreted by T and NK cells in UCBT patients
stimulated by ionomycin and PMA were significantly lower than those in healthy control patients, with no
significant differences observed between the uncontrolled and controlled infection groups. It is worth
mentioning that patients were treated with cyclosporine and mycophenolate mofetil after allo-HSCT,
which might have affected the function of T and NK cells. Various factors contribute to the failure of
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CMV-specific T-cells to control CMV reactivation because of insufficient numbers in vivo (McGoldrick et al.,
2013) CMV exposure has been reported to lead to impaired overall T-cell receptor diversity, but its impact
on patient outcome requires further research (Suessmuth et al., 2015; Yeh et al., 2021). Consequently, an
alternative anti-CMV mechanism might be involved in transplantation.

Cellular immunity, as well as innate and humoral immunity, is shown to play an important role in preventing
CMV infection, but the exact mechanisms in different diseases are not well understood (Haidar et al., 2020).
However, we provided evidence that the number of B-cells was insufficient in patients with uncontrolled
CMV infection compared with that observed in the controlled infection group, because of their delayed
reconstitution (Figures 2 and 3). CMV infection has been previously correlated with the proportion of highly
mutated Ab genes (Wang et al., 2014). Reconstituted B-cells expressed various mature molecular markers
and were enriched in many BCRs that might be related to CMV-specific recognition, indicating that B-cells
are pivotal in CMV control. Furthermore, we found that CXCR4 and IFITM1 were highly expressed in B-cells
from patients with controlled CMV infection. IFITM1, a member of the family of IFN-stimulated genes, pre-
vents viral infection by preventing the entrance of the virus through the plasma membrane. CXCR4
signaling has been reported to guide the development of small pre-B and immature B-cells, including co-
ordination of cell cycle exit, pre-BCR inhibition, IGK recombination, and BCR expression via activation of
mitogen-activated protein kinase extracellular signal-regulated kinase (Becker et al., 2017; Mandal et al.,
2019). Moreover, a previous study showed that the transfer of virus-specific memory B-cells provided
long-term protection from lethal CMV infection in immunodeficient animals, suggesting its therapeutic po-
tential (Klenovsek et al., 2007). However, further research is needed concerning the specific role and
possible mechanism of IFITM1-and CXCR4-highexpression B-cells in resisting CMV infection.

Many patients experience damaged B-cell function or dependency on |lg substitution after allo-HSCT (van
derMaas et al., 2019). Studies have shown that the levels of several antibodies, especially IgA and IgE, were
significantly decreased within 180 days after allo-HSCT (Pei et al., 2017a, 2017b). Given that most patients
received intravenous gamma globulin after allo-HSCT, it was difficult to accurately evaluate the IgG content
generated by patients. Nevertheless, we discovered that the level of CMV-specific IgG in the controlled
infection group was notably higher than that in patients with uncontrolled infection at 2 months after
allo-HSCT, thus facilitating the inhibition of CMV infection by neutralizing the viral particles in vitro (Fig-
ure 6). These findings indicated that anti-CMV IgG could contribute to the protection from uncontrolled
infection, consistent with the results from a murine model (Klenovsek et al., 2007; Martins et al., 2019). A
recent study proposed that IgG binds to glycoprotein B present on the cell surface but not to the soluble
antigen to mediate protective immunity (Jenks et al., 2020). In addition, anti-CMV IgG was shown to coop-
erate with yd T-cells to contribute to the surveillance of CMV reactivation via the secretion of IFN-y aggre-
gated by IL12 and IFNa2 (Couzi et al., 2012). In our study, although sc-RNA seq showed an obvious propor-
tion of 3 T-cells in the uncontrolled infection patients, it may fail to produce IFN-y because of the effect of
CsA, just like CD8™T cells. Of interest, we found that CMV was reactivated by day 20-30 after allo-HSCT in
most patients, which might have been partially related to the 21-d half-life of plasma IgG (Morell et al.,
1970). We believe that the neutralization titer of CMV antibodies is critical (exceeding 300 U/mL anti-
CMV IgG neutralizing antibodies in our study), and might explain the differences in efficacy obtained in
some clinical trials after allo-HSCT or organ transplant (Kornberg et al., 2020; Winston et al., 1982; Zamora
et al., 2020; Zikos et al., 1998). Thanks to the breakthrough in protein spatial structure analysis and mono-
clonal antibody development in 2021, monoclonal antibodies are considered to have promising therapeu-
tic prospects in the treatment and prevention of multiple viral infections, including severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), respiratory syncytial virus, and CMV (Thorp, 2021). Hence, the appli-
cation of high titers of anti-CMV-specific neutralizing IgG to patients with low anti-CMV-specific IgG might
be very helpful.

We also found that the amount of CMV-specific IgG was decreased soon after CMV antigen clearance (Fig-
ure S7C), suggesting that these antibodies might be derived from marginal zone B-cells and be short-lived,
functioning as rapid-response antibodies to prevent the progression to uncontrolled infection. Consistent
with this, extrafollicular B-cell responses might also play a key role in the humoral immune response to
SARS-CoV-2, as anti-SARS-CoV-2 antibodies were found to decline within a few months after infection (Ka-
neko et al., 2020; Perreault et al., 2020). In this study, we provided evidence that the specific CMV IgG con-
tent at 2 months after allo-HSCT (about 1 month after first DNAemia) is of great significance in identifying
patients at risk for uncontrolled infection.
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In summary, persistent uncontrolled CMV infection after allo-HSCT remains an obstacle to improved prog-
nosis. Our study highlighted the contribution of B-cells and anti-CMV-specific IgG in restraining uncon-
trolled CMV infection after allo-HSCT. We proposed that for patients with CMV reactivation, continuous
monitoring of specific antibodies and BCR might be useful in identifying patients at high risk for progres-
sion to uncontrolled infection. For high-risk patients, timely supplementation with specific antibodies,
potentially synergistically with cellular therapies, might effectively limit the degree of CMV infection.

Limitations of the study

This study had certain limitations. First, although the level of serum anti-CMV IgG around 2 months after
allo-HSCT is important, because of the low number of peripheral B-cells in most patients at that time, it
was difficult to select enough B-cells to identify their specific functional phenotype at the protein level.
Second, because several IGHV genes examined above are broadly associated with antiviral immunity,
more evidence is needed regarding CMV-specific humoral immunity, which will facilitate the develop-
ment of high-affinity monoclonal antibodies. Third, we did not conduct a strict clinical randomized
controlled trial to optimize the best prevention and treatment scheme for high-risk patients but rather
proposed preventive anti-CMV IgG as a supplementary scheme. There is a possibility, however, that anti-
body therapy might not be satisfactory for patients whose CMV infection has persisted for a long time
because of immune evasion from humoral immunity. CMV is known to escape immunity in certain
ways, such as exploiting an ER-associated degradation pathway (Chandramouli et al., 2017), utilizing
the Fc domain of the incorporated antibody to infect naive nonimmune cells, and encoding chemokines,
cytokines, and chemokine receptors (Corrales-Aguilar et al., 2014; Manley et al., 2011). Thus, given the
widespread application of antiviral drugs, future studies are needed to further define the strategy by
which to combine antiviral agents with passive immunotherapy to achieve the best efficacy while avoiding
immune evasion.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Haiming Wei (ustcwhm@ustc.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Original single-cell RNA-seq data have been deposited in the National Center for Biotechnology Informa-
tion Gene Expression Omnibus repository under accession number: GSE192721.

This paper does not report the original code.
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Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Ethics approval
This research received institutional approval from the Ethics Committee of the First Affiliated Hospital of

the University of Science and Technology of China. All studies were performed following the Declaration
of Helsinki.

Patients

This study evaluated CMV infection in patients at high risk for or who had refractory hematological malig-
nancies and underwent allo-HSCT between January 2017 and April 2019. A total of 265 patients (137 males
and 128 females, with an average age of 24.15) with complete clinical data who received a myeloablative
conditioning regimen and a single unrelated cord blood unit (n = 183) or allogeneic peripheral blood stem
cells (n = 82) were included in the analysis (Figure S1). Information on age, sex, and disease of patients were
listed in Tables ST and S2. Intravenous G-CSF (figeristine, 5-7 ng/kg/d) was administered from day +6 and
continued until the absolute number of neutrophils exceeded 2.0 x 10%/L for 3 consecutive days.

Surveillance and treatment of CMV infection

In the first 90 days following allo-HSCT, patients underwent twice-weekly CMV DNA surveillance via a real-
time PCR (PCR) assay (DAAN GENE, Guangzhou, China). After post-allo-HSCT day 90, CMV surveillance
was performed once a week until 2 consecutive tests were negative (Lodding et al., 2015). Sequencing
of pathogenic microorganisms in the bronchial lavage fluid or urine was performed in some cases. Patients
whose CMV DNA exceeded 1000 copies/mL after allo-HSCT were treated with ganciclovir or valganciclovir
according to institutional standards.

Neutralization experiments

MRC-5 cells were cultured in DMEM medium (Gibco) supplemented with 10% FBS (Gibco) and penicillin/
streptomycin at 37°C in a humidified atmosphere of 5% CO, (Thermo Fisher Scientific). The CMV (AD169,
MOI = 0.1), neutralized by serum or anti-CMV IgG (PH4, Taibang Biologic Group, China) at 1:16, 1:64, or
1:256 dilution for 30 min at 37°C, was used to infect MRC-5 cells. After infection for 2 h, the medium of cells
was replaced with fresh DMEM containing 1% FBS for 48-72 h. Cells were harvested 48 h after infection for
the detection of CMV replication using PCR. For the detection of virus proteins, cells were harvested 72 h
after infection.

METHOD DETAILS
Definitions

CMV infection was diagnosed according to criteria based on underlying CMV risk characteristics: CMV
DNA >100 copies/mL in peripheral blood by CMV PCR assay (Hakki et al., 2021). CMV duration time
was defined as an accumulation of CMV positive time.

Sample collection and preparation for single-cell sequencing

At 6-month after allo-HSCT, fresh peripheral blood mononuclear cells (PBMCs) were isolated by density
gradient centrifugation from fresh blood of 6 patients collected into EDTA-coated tubes (Table S3) after
providing informed consent. Lysis buffer (cat. 555,899, BD Biosciences) was used to rapidly lyse a small
amount of the remaining red blood cells. Cells that passed the test (cell survival rate >90%) were washed
and resuspended in DMEM supplemented with 10% fetal bovine serum (FBS, Gibco) to prepare a suitable
cell concentration of 800-1100 cells/uL for analysis using 10X Genomics Chromium.

RNA-seq library preparation for 10 X genomics single-cell 5’ sequencing

Cells were loaded onto a 10x chromium single-cell platform (Single-Cell 3’ library and Gel Bead Kitv.3) and
the generation of gel beads in emulsion (GEMs), barcoding, GEM-RT clean-up, cDNA amplification, and
library construction were all performed according to the manufacturer’s instructions. Qubit was used for
library quantification before pooling. The final library pool was sequenced using 150 bp paired-end reads
in the lllumina NovaSeq 6000 system.
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Data processing of single-cell RNA-seq

FASTQ files were processed using the 10x Genomics Cell Ranger (3.0.1 version) to map the GRCh38 refer-
ence genome and generate a matrix containing normalized gene counts versus cells per sample. All
functions were performed using default arguments unless otherwise noted. Following the exclusion of
low-quality cells (<200 genes or >8% mitochondrial genes/cells), 35,390 cells were included for down-
stream analyses. Datasets from different samples were integrated using Seurat v3 with default parameters
to remove the batch effect.

Dimensionality reduction, clustering, and annotation

We used the Seurat function 'FindVariableFeatures’ to identify highly variable genes (HVGs), and used the
top 1000 HVGs for data integration after removing TRAV and TRBV genes to avoid interference of TCR
gene bias in cluster analysis. Principal component analysis was performed; t-SNE was used for dimension-
ality reduction, with the top 30 principal components adopted for the 'FindNeighbors’ function, while a res-
olution parameter of 0.5 was utilized for the 'FindClusters’ function. Marker genes of each cell cluster were
recognized by the ‘FindAlIMarkers’ function, and the whole dataset was then categorized into T-cells, NK
cells, monocytes, B-cells, dendritic cells (DCs), plasma cells, and other cells (including neutrophils and red
cells) according to known markers. Subsequently, 2938 B-cells were further categorized into 5 clusters using
a resolution parameter of 0.3.

Stimulation of PBMCs in vitro and staining

Freshly isolated PBMCs were resuspended and seeded in 24 well plates in RPMI 1640 medium (Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco) and penicillin (100 U/mL)/streptomycin
(100 pg/mlL). Cells were stimulated with ionomycin (Tpg/mL, Calbiochem) and phorbol 12-myristate
13-acetate (PMA) (50ng/mL, Sigma) or HLA-restricted CMV ppé5 peptides (key resources table) in the
presence of monensin (10ug/mL, Sigma) for 4hat 37°C and 5% CO,, as previously described (Wang
et al., 2021). Stimulated cells were collected and stained with monoclonal antibodies (mAbs, key re-
sources table) against CD45, CD3, CD56, and CD8, followed by permeabilization (eBioscience) for
20 min at 20°C, and then stained with mAbs (key resources table) against interferon-y (IFN-y) and tumor
necrosis factor alpha (TNF-a) (Wang et al., 2019). Information on baseline Characteristics of patients were
listed in Tables S4 and S5.

Peripheral lymphocyte detection

PBMCs from patients at day 60, 90, 120, and 180 after UCBT were isolated and stained with mAbs against
CD45, CD3, CD56, CD19, CD4, and CD8 for flow cytometry.

Flow cytometry and analysis

Data were collected using a NovoCyte flow cytometer (Agilent, USA) and analyzed using the FlowJo
software.

Immunoblotting

Infected cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 10%
Tris-glycine gels. After transfer to polyvinylidene difluoride (PVDF) membranes, membranes were blocked
with QuickBlock Western (Beyotime) for 15 min at 20°C and probed with the following mouse monoclonal
antibodies: anti-IE1/2, anti-ppé65, and anti-B-Actin (1:1000, Proteintech). After incubation with horseradish
peroxidase-conjugated secondary antibodies (1:3000, Proteintech), protein bands were visualized by
chemiluminescence autoradiography (Clinx, Shanghai, China).

Reverse transcription-PCR

Total RNA of PBMCs obtained from patients was extracted using the TRIzol reagent (Invitrogen) and then
reverse-transcribed to cDNA (Takara) according to the manufacturer’s instructions. Touchdown PCR was
performed using the Premix Taq kit (Takara) in a PCR System (Bio-Rad Laboratories). Reactions were ampli-
fied in a thermocycler at 96°C for 2 min, 65°C for 30 s, then 9 cycles of 96°C for 30's, 65°C for 30's, then 9
cycles of 96°C for 30s, 62°C for 30's, and then 9 cycles of 96°C for 30s, 59°C for 30's, followed by 30 s at 72°C.
The primers used are listed in the Key resources table.
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Culture of CMV-associated memory plasma cells

Freshly isolated PBMCs from the healthy control group (CMV seropositive, n = 3, 1-2x10° cells/culture)
were co-cultured with CMV inactivated, R848 (1ug/mL, InvivoGen) and recombinant human IL-2
(10 ng/mL, Peprotech) for 7 days in RPMI 1640 medium supplemented with 10% FBS at 37°C and 5%
CO;. Half of the medium was changed every two days. Stimulated cells were collected and stained with
APC-CD138 for flow cytometry. IGHV gene expression was detected by real-time PCR.

Enzyme-linked immunosorbent assay (ELISA)

Sera from patients collected 2 months after allo-HSCT was measured for anti-CMV IgG by ELISA according
to the manufacturer’s guidelines (Mei Mian Biotechnology, Jiangsu, China).

Immunofluorescence staining and confocal microscopy

MRC-5 cells infected with CMV were fixed with 4% paraformaldehyde for 30 min at 20°C. After blocking with
5% goat serum (Beyotime) and permeabilization with 0.25% Triton X-100, cells were stained with anti-IE1/2
(1:100) at 4°C overnight on a rocker. Cells were then washed twice and labeled with goat anti-mouse IgG1-
Cy3 secondary antibodies (1:300) for 30 min at 20°C. After staining with anti-ppé5-FITC, cell slides were
mounted on microscope slides using ProLong Gold Antifade Mountant with DAPI (Thermo Fisher Scienti-
fic). Images were captured under a confocal laser scanning microscope (LSM 880, Zeiss).

QUANTIFICATION AND STATISTICAL ANALYSIS

Several R packages (Seurat, ggplot2, pheatmap) were used for single-cell RNA-seq data manipulation and
visualization. Statistical analyses were performed using GraphPad Prism version 9.0 (La Jolla, California,
USA) with the appropriate tests outlined in figure legends unless otherwise noted. Each dot represented
a patient. Differences in categorical clinical variates in patients were analyzed by Fisher exact test or %°
test. Logrank (Mantel-Cox) tests were performed to compare the overall survival of patients. Unpaired Stu-
dent t-tests or Mann-Whitney tests were performed to analyze differences between 2 independent groups.
One-way ANOVA was used to analyze the data comparison between more than two groups. Pearson r cor-
relation test was used to analyze the relationship between B-cells proportion and duration of CMV infec-
tion. The values of p< 0.05 were considered statistically significant.

20 iScience 25, 105065, October 21, 2022

iScience



	ISCI105065_proof_v25i10.pdf
	Cytomegalovirus-specific neutralizing antibodies effectively prevent uncontrolled infection after allogeneic hematopoietic  ...
	Introduction
	Results
	Uncontrolled CMV infection in patients after UCBT is associated with an unfavorable prognosis
	The number of B-cells was insufficient in patients with uncontrolled CMV infection after UCBT
	B-cell reconstitution was impaired in patients with uncontrolled CMV infection after UCBT
	Reconstituted B-cells are mature in patients after UCBT
	CMV-associated BCRs are deficient in patients with uncontrolled CMV infection
	Prompt supplement of CMV-specific neutralizing antibodies facilitated inhibition of CMV infection

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Ethics approval
	Patients
	Surveillance and treatment of CMV infection
	Neutralization experiments

	Method details
	Definitions
	Sample collection and preparation for single-cell sequencing
	RNA-seq library preparation for 10× genomics single-cell 5′ sequencing
	Data processing of single-cell RNA-seq
	Dimensionality reduction, clustering, and annotation
	Stimulation of PBMCs in vitro and staining
	Peripheral lymphocyte detection
	Flow cytometry and analysis
	Immunoblotting
	Reverse transcription-PCR
	Culture of CMV-associated memory plasma cells
	Enzyme-linked immunosorbent assay (ELISA)
	Immunofluorescence staining and confocal microscopy

	Quantification and statistical analysis




