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Epidemiological studies report opposing influences of infection on childhood B-cell acute
lymphoblastic leukemia (B-ALL). Although infections in the first year of life appear to exert
the largest impact on leukemia risk, the effect of early pathogen exposure on the fetal
preleukemia cells (PLC) that lead to B-ALL has yet to be reported. Using cytomegalovirus
(CMV) infection as a model early-life infection, we show that virus exposure within 1 week
of birth induces profound depletion of transplanted E2A-PBX1 and hyperdiploid B-ALL
cells in wild-type recipients and in situ—generated PLC in Ep-ret mice. The age-dependent
depletion of PLC results from an elevated STAT4-mediated cytokine response in neo-
nates, with high levels of interleukin (IL)-12p40-driven interferon (IFN)-y production
inducing PLC death. Similar PLC depletion can be achieved in adult mice by impairing viral
clearance. These findings provide mechanistic support for potential inhibitory effects of
early-life infection on B-ALL progression and could inform novel therapeutic or preventive
strategies.

® CMV infection induces
an age-dependent
innate immune
response mediated by
STAT4- and IL-12p40,
leading to PLC
depletion.

® The high IFN-y
production necessary
for preleukemia
depletion in neonate
mice can be achieved in
adult mice by impeding
viral clearance. )

Although it was first hypothesized over a century ago that

IIltI'OdllCtiOIl infections influence the development of acute leukemia in

Acute lymphoblastic leukemia (ALL) is the most common sub-
type of childhood cancer, with 80% of cases involving B-cell
precursor (BCP) cells.” The incidence of B-cell ALL (B-ALL) peaks
between 3 and 5 years of age, with the hyperdiploid and ETV6-
RUNXT1 subtypes accounting for ~60% of cases.” For most B-
ALL cases, the initiating event occurs in utero, with >70% of
patients having detectable preleukemia cells (PLC) at birth.>
Transformation to overt leukemia usually requires additional
postnatally acquired mutations within the PLC population (ie, a
second hit).® Notably, All-associated gene fusions are
detectable in the blood of healthy newbomns at a rate signifi-
cantly higher than the subsequent incidence of the disease.” '°
These findings indicate that early-arising PLC never progress to
leukemia in most children, and prolonged survival of these cells
is required for disease progression.

children, the mechanisms underlying this association remain
poorly understood. Extensive epidemiological investigations
have uncovered a paradox: infections can be associated with
both increased and decreased risk of leukemia."" Although
surrogates of infection exposure have been correlated with
protection, clinically noted infections sometimes precede ALL
diagnosis.'? Despite these discordant observations, epidemio-
logical studies have repeatedly identified timing as an impor-
tant factor, with infection exposures in the first year of life
having the greatest influence on B-ALL risk."*2°

In vivo experimental support for the causative role of immune
stressors, such as delayed infection exposure and microbial
dysbiosis, in leukemia progression has been reported in studies
using ETV6-RUNX1 and Pax5-haploinsufficient mouse models
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of B-ALL?" Although the specific mechanisms remain
unclear, dysregulated innate immune signaling through MyD88
has recently been identified as a potential driver of leukemo-
genesis in Pax5™~ mice.?® In contrast, using the Ep-Ret mouse
model, which develops hyperdiploid B-ALL characterized by
nonrandom trisomies,”” we have previously demonstrated
depletion of PLC in adult mice after repeated administration of
toll-like receptor |igands.27 In all these studies, however,
immune modulation was induced after weaning, and early-life
variables, such as quantitative and qualitative differences in
neonatal and adult immune responses, have not been
investigated.

No specific pathogen has been definitively linked to pediatric
ALL, but an increasing body of evidence suggests a role for
cytomegalovirus (CMV). CMV infection is a frequent infection in
children and the most common congenital infection world-
wide.”®3% Congenital CMV infection has been linked to
increased risk of childhood ALL, with a higher prevalence in
Hispanic children.®" It has been proposed that CMV infection
during pregnancy may alter the neonatal cytokine profiles
associated with the risk of childhood ALL.*? However, many
infants are first exposed to CMV at day care and develop only
subclinical or mild infections, characteristics associated with
protection from ALL in epidemiological studies.'*"¢1%-%0
Herein, we investigated the impact of timed postnatal expo-
sure to murine CMV (MCMV) on B-ALL using the Ep-ret and
E2A-PBX1 B-ALL mouse models.?***=> Our results reveal that
age-dependent antiviral immune responses directly deplete
PLC through an interferon (IFN)-y—driven mechanism. These
findings provide a mechanistic explanation for the protective
effect of early-life infections and could inform future treatment
and prevention strategies for B-ALL.

Materials and methods

Methods are described here, briefly. For a detailed description,
see the supplemental Material, available on the Blood website.

Mice

The Ep-ret mouse model of precursor B-ALL is maintained as
Ret transgene hemizygotes on a wild-type or homozygous
gene-knockout  BALB/c  background through in-house
breeding. Female and male mice were used in all experi-
ments. All experiments were performed in accordance with the
guidelines of the Canadian Council on Animal Care under a
University of British Columbia Animal Care Committee—
approved protocol (A19-0197).

Leukemia transplantation

Primary Ep-ret (BALB/c) or E2A-PBX1 (C57BL/6) leukemia cells
were injected into 1- to 2-day-old neonatal and 4- to 5-week-
old adult mice, via the superficial temporal vein and tail vein,
respectively (supplemental Figure 1). Four or 5 days after cell
injection, recipient mice were infected intraperitoneally with
MCMV or injected with phosphate-buffered saline. For deple-
tion experiments, mice were euthanized 10 days post infection
(dpi) for assessment of leukemia cell burden in bone marrow
(BM) and spleen by flow cytometry. For survival experiments,
following leukemia transplantation and MCMV infection, mice
were monitored twice weekly for experimental end points,
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defined by the presence of palpable lymph nodes and/or 20%
weight loss.

Virus and infection

Generally, mice were infected 1 or 4 weeks after birth. Where
relevant, other time points are indicated in figure legends.
Neonatal and adult mice received 3 x 10° plaque-forming units
(pfu) via intraperitoneal injection. The firefly luciferase-
expressing K181-luc MCMV strain was obtained from Helen
Farrell of the Queensland University.*

Tissue processing and flow cytometry

To evaluate PLC burden, single-cell suspensions were prepared
from the spleen and BM of neonatal and adult mice at 10 dpi
and analyzed by flow cytometry. A list of fluorochrome-
conjugated antibodies used in each staining panel is shown in
supplemental Table 1. For flow cytometry-based cell sorting,
PLC or leukemic cells were purified using a MoFlo Astrios EQ
cell sorter (Beckman Coulter Inc) according to their phenotype
(Lin~ B220™/CD19*/BP-1").

Cytokine neutralization and cell depletion

For cytokine neutralization and natural killer (NK) cell depletion
experiments, mice received 50 pg of antibodies via intraperi-
toneal injection (supplemental Table 1) at designated time
points.

RNA sequencing

PLC from MCMV-infected and control (phosphate-buffered
saline—injected) Ep-ret pups were flow-sorted 7 days after
treatment, and RNA was isolated from 2 x 10° cells. Library
preparation from RNA samples and sequencing was performed
on lon Chef and lon Torrent S5 platforms (Thermo Fisher Sci-
entific) following the manufacturer’s protocol. Data processing
and quality control were performed using the AmpliSeq RNA
plug-in for the lon Torrent S5. Data were normalized to reads
per million. For gene set enrichment analysis (GSEA),*’
normalized counts were compared with the hallmark gene
sets of the Molecular Signatures Database.*

Cytokine and chemokine analysis

Cytokines and chemokines were detected in serum samples
using the LEGENDplex Mouse Inflammation Panel (13-plex) and
LEGENDplex Mouse Proinflammatory Chemokine Panel
(13-plex) (BioLegend), according to the manufacturer’s instruc-
tions. For interleukin (IL)-12p40, IL-12p75, IL-23p19, and IFN-y
measurements, enzyme-linked immunosorbent assay kits were
used, according to the manufacturer’s instructions (BioLegend).

Bioluminescence imaging

Bioluminescence imaging (BLI) was used to track luciferase-
tagged MCMV in vivo. BLI was performed at different time
intervals, mainly at 3, 6, and 10 dpi, and at end point before
euthanizing the mice.

Statistical methods

Numerical data are expressed as the mean + standard error.
Statistical differences between the means of different groups
were compared using unpaired nonparametric Mann-Whitney
t tests, 1-way analysis of variance, and 2-way analysis of vari-
ance. Prism 9.0 software (GraphPad Software Inc, La Jolla, CA)
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was used for all statistical analyses. Specific statistical tests, n
values for each experiment, and the level of significance (P
value) are listed in the figure legends.

Results

CMV infections in neonatal but not adult mice
deplete preleukemic and leukemic cells

To directly test the impact of CMV infection at different ages on
the progression of B-ALL, leukemic cells isolated from mori-
bund adult Ep-ret mice were IV transplanted into 1- to 2-day-old
(pup) and 4- to 5-week-old (adult) BALB/c recipients
(supplemental Figure 1). Five to 6 days later, when similar
engraftment patterns were detected in pups and adults
(supplemental Figure 2), the mice were infected with MCMV
and euthanized 10 dpi for assessment of leukemic cell burden.
MCMV infection resulted in leukemia cell depletion in pups but
not in adults (Figure 1A), leading to extended median survival in
pups from 32 to 50 days (P = .0024; Figure 1B). In this setting,
where a finite number of leukemia cells are transplanted, long-
term survivors (>80 days) occurred only in the infected cohort.
There was no change in adult survival (29 days for controls to 28
days for infected mice). To assess whether this age-dependent
depletion was leukemia- or mouse strain-specific, we repeated
the experiment using C57BL/6 pups and adults engrafted with
B-ALL cells generated in E2A-PBX1 transgenic mice.*®> We
observed the same age-dependent depletion of leukemic cells
(Figure 1C).

Although transplant experiments can provide insights into the
impact of infection in pups and adults bearing the same
leukemic cell population, it is the in utero-generated, non-
transformed PLC that are present in infants during early-life
infections. We have recently shown that hyperdiploid B-ALL in
Ep-ret mice arises from an aneuploid BCP population that is
present at birth.”® These neonatal PLC are readily identified by
their B220™/CD19*/BP-1" phenotype and are sufficient to
cause disease in NSG (NOD—scid—IL2Ry”””) recipient mice after a
prolonged latency.”® To evaluate the impact of infection on
neonatal PLC, we infected cohorts of 1-, 2-, 3-, and 4-week-old
Ep-ret mice with 3000 pfu MCMV. Significant depletion of PLC
occurred in mice infected within the first week of life, whereas
infection at 2, 3, or 4 weeks of age had no significant effect on
PLC burden (Figure 1D). This age-dependent PLC depletion
was also observed in F1 hybrid strains (BALB/c x C57BL/6 and
BALB/c x FVB) carrying the Ep-ret transgene (supplemental
Figure 3A), suggesting that the inherent susceptibility of the
mouse strain to MCMV infection is not a determining factor.*”

Titration of MCMV revealed that significant PLC depletion was
also achieved in pups receiving a 10-fold lower or higher viral
dose (supplemental Figure 3B). Because 3000 pfu was sufficient
to induce maximal PLC depletion in neonates without causing
weight loss or adverse physiological effects (supplemental
Figure 3B-C), we used this dose for the remainder of this
study. To evaluate whether the impact of MCMV infection was
specific to the PLC population or symptomatic of a broader
effect on BCPs, we quantified cell numbers in progenitor B-cell
fractions (Frs; defined using the Hardy nomenclature;
supplemental Figure 4).“° Although significant changes in FrA
(B220*CD43"CD247BP17) and FrB (B220"CD43"CD24"BP17)

PROTECTIVE ROLE OF NEONATAL CMV INFECTION IN B-ALL

were detected, these resulted from an increase in cell
numbers following infection (Figure 1E). Only FrC
(B220"CD43"CD247BP1%), which contains the PLC population,
was depleted by infection, showing significantly reduced
numbers in both spleen and BM (Figure 1E). Despite the
ongoing generation of PLC resulting from constitutive trans-
gene expression, infected Ep-ret pups succumbed to overt
disease later than uninfected controls (median age, 196 days vs
154 days; P = .017; Figure 1F). Collectively, these results indi-
cate that neonatal MCMV infection systemically depletes PLC,
causing a significant delay in leukemogenesis.

PLC depletion is a by-product of the neonatal
anti-MCMV immune response

To identify the mechanism mediating the decline in pre-
leukemia burden after MCMV infection, we first analyzed the
kinetics of PLC depletion in neonates. Although no depletion
was observed at 6 dpi, by 10 dpi there was >90% loss of PLC
from spleen and BM (Figure 2A). This timing is coincident with
the transition from disseminated infection to the resolution
stage, as revealed by BLI after infection with luciferase-tagged
MCMV (Figure 2B), and is associated with a significant
increase in spleen weight resulting from inflammatory cell
infiltration (P < .001; supplemental Figure 5A). Despite the high
viral burden before the period of PLC depletion, MCMV parti-
cles were not detected by polymerase chain reaction in PLC
purified from spleens of infected pups at 7 dpi (Figure 2C). This
suggests that direct viral lysis was not the primary mechanism of
PLC depletion.

Neonatal and adult immune responses are quantitatively and
qualitatively different, including distinct T-helper type 1 (Th1)/
Th2 response skewing.”'™** To investigate the contribution of
Th1 and Th2 responses to PLC depletion, we infected neonatal
Stat4-deficient (R/Statd) and Staté-deficient (R/Staté) Ep-ret
mice, which are skewed toward Th2 and Th1 cell differentiation,
respectively.”® Infected R/Staté neonates showed significant
PLC depletion (P < .005), whereas R/Stat4 neonates exhibited
no change in PLC numbers (Figure 2D). Notably, R/Stat4 neo-
nates failed to deplete PLC despite a higher systemic viral load
and delayed control of infection compared with wild-type Ep-ret
pups (Figure 2E), further supporting that viral lysis is unlikely to
be responsible for the PLC depletion.

Apoptosis of BM B-lineage cells has been reported after influ-
enza and lymphocytic choriomeningitis virus infections in adult
mice.”*4 To determine if the loss of Ep-ret PLC after MCMV
exposure was due to apoptosis, we analyzed neonatal PLC for
caspase 3/7 activity at 7 dpi, a time point for which our results
indicate is early in the depletion process. PLC from CMV-
infected pups showed significantly higher caspase activity
than those from uninfected pups (P = .0012; Figure 2F;
supplemental Figure 5B), indicating the induction of apoptosis.
These results suggest that STAT4—dependent immune effector
mechanisms, rather than direct viral cytotoxicity, are responsible
for the depletion of PLC observed in Ep-ret neonates.

Depletion of PLC is dependent on IL-12/IL-23p40
but independent of IL-12 and IL-23

The requirement for STAT4 signaling suggests a role for the IL-
12 family cytokines in PLC depletion. Given that IL-12 and IL-23
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Figure 1. Depletion of B-ALL-associated cells after timed MCMYV infections. (A) Neonatal and adult BALB/c mice injected with 1 to 2 x 10% Ep-ret leukemic cells were
euthanized at 10 dpi to assess leukemic cell burden in spleens of phosphate-buffered saline (PBS)-injected (control [Ctrl]) or virus-infected (CMV) recipients (Mann-Whitney;
n =14 Ctrl and 16 CMV neonates; n = 14 Ctrl and 11 CMV adults; pooled results for 3 different leukemias). (B) Neonatal and adult BALB/c mice injected with 0.5 to 1 x 10° Ep-
ret leukemic cells were infected 5 to 6 days later with PBS (Ctrl) or virus (CMV) and then monitored for leukemia-free survival of recipients (log-rank [Mantel-Cox] test; n = 6-10
mice in each group; pooled results from 2 independent experiments). (C) Neonatal and adult C57BL/6 mice injected with 0.5 to 1 x 10° E2A-PBX1 leukemic cells were
euthanized 10 days after subsequent infection to assess leukemia burden in spleens of PBS- or CMV-infected recipients (Mann-Whitney; n = 18 Ctrl and 15 CMV-infected
neonates; n = 12 Ctrl and 11 infected adults; pooled results from 4 independent experiments). (D) Splenic PLC burden in Ep-ret mice 10 days after injection with PBS or
CMV at the indicated age (Mann-Whitney test; number of mice in Ctrl/infected groups: week 1 [wk1] = 21/21, wk2 = 11/6, wk3 = 8/5, and wk4 = 12/11). (E) Spleen (n = 11 Ctrl;
n =10 CMV) and BM (n = 12 Ctrl; n = 6 CMV) B-cell Fr cell numbers in neonatal Ep-ret mice 10 days after injection with PBS or CMV at 5 to 7 days of age (Mann-Whitney test).
(F) Leukemia-free survival of neonatal Ep-ret mice after PBS (Ctrl) or virus (CMV) injection at 5 to 7 days of age (log-rank [Mantel-Cox] test; n = 23 Ctrl; n = 17 CMV; *P = .0166).
All data presented as mean * standard error of the mean (SEM). ns, not significant; *P < .05; **P < .01; ***P < .001; ****P < .0001. Ctrl, control.

responses differ between pups and adults,** we measured IL-
12, 1L-23, and IL12/I1L23p40 (p40) subunit in neonatal and
adult mice at 3, 6, and 10 dpi. Although neither IL-12 nor IL-23
were detected at any time point in neonates or adults, p40
revealed an age-dependent response to infection, with
increased production in pups reaching a peak at 6 dpi (2297 +
280 vs 872 = 107 pg/mL; P = .002) and remaining elevated at
10 dpi (2191 = 307 vs 667 * 79 pg/mL; P < .0001; Figure 3A).
To directly assess the contribution of elevated p40 production
to PLC depletion activity, we administered cytokine-specific
neutralizing antibodies to neonates on day 4 after infection.
Consistent with the cytokine production response, neutraliza-
tion of IL-12, IL-23, or both failed to block depletion; only the
antibody that targets the p40 subunit prevented the depletion
of PLC in infected pups (Figure 3B-C).

NK cells and CD8" T cells play a crucial role in controlling CMV
primary infection and respond to IL-12 family cytokines.*®>° To
evaluate the potential role of T cells in PLC depletion, we
generated Ep-ret mice lacking the Rag-1 gene, which still
generate a PLC population despite the absence of recombinase

812 @ blood® 22 AUGUST 2024 | VOLUME 144, NUMBER 8

activity (supplemental Figure 6). Infection of neonatal Rag-1
gene mice efficiently depleted PLC (Figure 3D, left panel).
Similarly, depletion of NK cells from Ep-ret neonates by
administration of anti-asialo GM1 antibody failed to prevent
PLC depletion (Figure 3D, right panel; supplemental Figure 7).
These results indicate that while possibly contributing to PLC
depletion in wild-type mice, neither RAG activity-dependent
immune responses nor NK cells are required for the STAT4-
p40-dependent reduction in PLC burden.

PLC respond directly to infection-induced
inflammatory immune responses

To identify the specific cellular changes in PLC affected by an
anti-MCMV  immune response and the effector molecules
driving them, we analyzed gene expression in PLC from spleens
of infected and noninfected Ep-ret pups at 7 dpi. Among the
23 930 genes screened, a total of 1395 differentially expressed
(DE) genes were identified (fold change >1.5 or below -1.5; P <
.05), among which 629 DE genes were upregulated and 769 DE
genes were downregulated. The hierarchical clustering for all
DE genes and the heat map for the top 50 differentially
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Figure 2. Apoptosis of PLC after MCMV infection is
STAT4-dependent. (A) Comparison of PLC numbers in A
spleen (left) and BM (right) of PBS- (blue) or CMV-
injected (red) 1-week-old Ep-ret pups at 6 and 10 dpi
(Mann-Whitney t test; n = 7 PBS and 10 CMV neonates;
pooled results from 3 independent experiments). (B)
Representative images of bioluminescence in 1-week-
old Ep-ret pups infected with luciferase-tagged CMV
and uninfected controls at 3, 6, and 10 dpi. (C) Poly-
merase chain reaction for detecting CMV DNA in 3
different concentrations of virus equal to 200, 20, and 2
pfu as controls, 3 unsorted total splenocytes, and 3
sorted PLC samples from spleens of wild-type Ep-ret
pups 7 days after infection from 3 independent experi-
ments. (D) Comparison of PLC numbers in representa- D
tive (left panels) or cumulative (right panels) spleens of
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upregulated and downregulated genes are shown in
supplemental Figure 8A-B.

GSEA was performed to explore the differences in transcrip-
tional profiles after infection. Of the 50 hallmark gene sets, 21
were upregulated (11 at a false discovery rate [FDR] <25%) and
29 were downregulated (14 at FDR <25%) in PLC from infected
pups. IFN-a, IFN-y, tumor necrosis factor-a (TNF-a), and
inflammatory pathways were among the most significantly
upregulated gene sets (Figure 4A-B), whereas gene sets related
to cell cycle control and metabolism were among the down-
regulated pathways (Figure 4C-D; supplemental Figure 8C). To
validate the RNA sequencing findings, we used flow cytometry
to confirm the changes in expression of several cell surface
molecules, including CD40, PD-L1, Sca-1, and CD86, that
showed elevated expression after infection (supplemental
Figure 8D). In addition, gene sets related to apoptosis were
also among the upregulated pathways in GSEA of CMV-
exposed PLC based on hallmark gene sets (FDR <25%, but
P = .14). This was consistent with the initiation of PLC apoptosis
detected by flow cytometry at the same early time point

PROTECTIVE ROLE OF NEONATAL CMV INFECTION IN B-ALL

(Figure 2F). These results confirmed that changes in the
immune environment induced by MCMV infection directly
affect the neonatal PLC population.

IFN-y is the driver of PLC depletion in neonates
after MCMV infection

The gene expression changes in PLC from infected neonates
indicate exposure to inflammatory cytokines, particularly IFN-o,
IFN-y, and TNF-a. To determine whether differences in the
inflammatory response between neonatal and adult mice could
account for their contrasting effects on preleukemia, we
measured proinflammatory and inflammatory chemokines and
cytokines in the sera of pups and adults at 3, 6, and 10 dpi.
Fifteen of the 25 chemokines and cytokines analyzed showed
increased levels in infected pups, with most peaking at 6 dpi
(Figure 5A-B). In adults, only CXCL9 achieved significantly
elevated expression at 10 dpi (P = .01); IFN-y and TNF-a
showed slightly, but not significantly, enhanced expression (P >
.1). We did not detect any changes in the levels of LIX (CXCI5),
macrophage inflammatory protein 3a (CCL20), TARC (CCL17),
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Figure 3. Depletion of PLC is dependent on IL-12p40. (A) Enzyme-linked immunosorbent assay (ELISA)-based quantification of IL-12p40 (anti-p40 antibody [Ab]), IL-12 (anti-
p70 Ab), and IL-23 (anti-p19 Ab) in sera from neonate and adult Ep-ret mice at 3, 6, and 10 dpi (Mann-Whitney; n = 3-7). (B) Representative flow cytometry plots showing PLC in
splenocytes of Ep-ret pups after CMV infection in the presence of indicated neutralizing antibodies. (C) Cumulative results showing PLC burden in spleens of Ep-ret pups
infected along with p40, p19, and/or p70 neutralizing antibodies (1-way ANOVA; n = 4-11). (D) PLC numbers in spleens of PBS (Ctrl) or virus (CMV)-injected Rag1’/’ (R/Rag, left
panel), wild-type (R/wt), and NK-depleted wt (NK-dep, right panel) Ep-ret pups at 10 dpi (Mann-Whitney; R/Rag1, n = 10 PBS and 10 MCMV; 1-way ANOVA; n = 8 PBS, 8 CMV,
and 7 CMV + NK-depleted; pooled results from 3 independent experiments). All data presented as mean + SEM (***P < .001; ****P < .0001). ns, not significant (nonsignificant

comparisons in graphs A and C are not labeled).

MDC (CCL22), IL-23, IL-10, IL-1p, IL-12p70, IL-17, or IL-27 in
neonates and adults at any time point (data not shown). These
results indicate a distinct inflammatory immune response in
neonates during the PLC depletion process.

Given the robust PLC response signatures to the highly up-
regulated cytokines IFN-y and TNF-a, we next tested the
impact of antibody-mediated neutralization of these cytokines,
as well as chemokines CCL2 and CXCL9. As expected, the viral
load in IFN-y— and TNF-a-neutralized pups was higher than in
the infected control group, emphasizing their role in the
immune response against MCMV (Figure 5C). Despite this
higher viral load, neutralizing IFN-y in CMV-infected pups
completely blocked PLC depletion (Figure 5D), whereas TNF-a
neutralization achieved only partial inhibition with no significant
difference relative to controls (P = .4602) or CMV-infected
(P = .5395) mice. Despite having a clear impact on the proin-
flammatory response (supplemental Figure 9), neutralization of
either CCL2 or CXCL9 did not prevent PLC depletion
(Figure 5D), indicating that not all inflammatory mediators
upregulated after viral infection impact the preleukemia
burden. This result demonstrates a primary role for IFN-y and
confirms that it is the response to the virus, and not the virus
itself, that leads to PLC depletion.
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To understand the interactions between STAT4, IL-12p40, and
IFN-y, we measured the levels of proinflammatory/inflammatory
chemokines and cytokines at 6 dpi in sera from Ep-ret and R/
Statd pups and from IL-12p40-neutralized and IFN-
y-neutralized Ep-ret pups. IFN-y production was significantly
reduced in infected R/Stat4 and IL-12p40-neutralized pups,
whereas IFN-y neutralization had no effect on IL-12p40 levels
(Figure 5E). The broader impact of these specific immune
deficiencies and manipulations on the complete inflammatory
response is shown in supplemental Figure 10.

These results indicated that IFN-y is a late contributor to PLC
depletion. To evaluate the contribution of IFN-y alone, we
exposed in vitro cocultures of PLC with stromal cells to 1-ng/mL
IFN-y. Significant inhibition of PLC expansion was observed in
the presence of IFN-y (Figure 6A). Although concentrations >5
ng/mL had a detrimental effect on both stromal cells and PLC, 1
and 0.5 ng/mL selectively depleted the PLC without any
adverse effect on stromal cells (supplemental Figure 11). To
confirm that IFN-y alone was sufficient to drive PLC depletion
in vivo, we injected IFN-y into Ep-ret pups. Injection of as little
as 1-pg IFN-y every other day for 7 days resulted in a significant
depletion of splenic PLC (Figure 6B). Consistent with its role as
a final effector molecule downstream of STAT4, injection of
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Figure 4. Gene expression analysis indicates pathway utilization changes in PLC after neonatal MCMYV infection. Selected gene sets from the Molecular Signatures
Database, Molecular Hallmarks (hallmark gene sets) collection, enriched among upregulated and downregulated pathways in PLC from MCMV-infected neonates compared
with PBS-injected controls (ranked according to decreasing normalized enrichment score). (A) Top 16 statistically significant upregulated biological pathways. (B) GSEA
enrichment plots showing upregulation of gene sets representing IFN-a, IFN-y, and TNF-a, and inflammatory responses. (C) Top 14 downregulated biological pathways. (D)
GSEA enrichment plots showing downregulation of gene sets representing cell cycle and metabolism. ES, enrichment score; FDR, false discovery rate; NES, normalized

enrichment score; NOM, nominal; size, number of genes in each set.

exogenous IFN-y into R/Stat4d pups showed a profound
depletion of PLC (Figure 6C). Further, exogenous IFN-y alone
was sufficient to fully replicate the pattern of BCP Fr—specific
changes induced by neonatal MCMV infection (Figure 6D).

Impaired viral clearance generates a PLC-depleting
immune response in adult mice

Consistent with the reduced antiviral protection in neonates,
the highest systemic burden of MCMV was detected in pups
infected at 1 week of age (supplemental Figure 12A). Mice
infected at 2, 3, and 4 weeks of age showed progressively
improved control of the virus. Notably, lower-efficiency virus
control was associated with higher levels of IFN-y production,
most notably at 6 dpi (supplemental Figure 12B). To investigate
if impaired control of MCMV in older mice would similarly

PROTECTIVE ROLE OF NEONATAL CMV INFECTION IN B-ALL

generate high IFN-y levels and, as a result, deplete PLC, we
made use of the fact that NK cells are not required for PLC
depletion (Figure 3D) but play a prominent role in defense
against MCMV. As expected, depletion of NK cells from 4-
week-old Ep-ret mice significantly delayed control of MCMV
infection, as indicated by higher bioluminescence at 3, 6, and
10 dpi (Figure 7A; supplemental Figure 13), and this was
associated with significantly higher serum levels of IL-12p40
and IFN-y (Figure 7B). Notably, this altered immune response
to MCMV achieved significant PLC depletion (Figure 7C). To
confirm that elevated IFN-y was sufficient to achieve PLC
depletion in older mice, we injected 4-week-old Ep-ret mice
with IFN-y. Consistent with the result observed in similarly
treated pups (Figure 6D), exogenous IFN-y induced a profound
depletion of the BCP Fr—containing PLC in both BM and spleen
(Figure 7D).
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Figure 5. Inflammatory responses following MCMV infection of neonatal and adult Ep-ret mice. (A) Flow cytometry—based quantification of 15 proinflammatory/
inflammatory cytokines and chemokines that were significantly higher in the serum of MCMV-infected pups (1-week-old) compared with adult (4-week-old) Ep-ret mice at 3, 6,
or 10 dpi (2-way ANOVA; comparison between PBS-injected [Ctrl] and infected [CMV] conditions within each group have been shown; n = 3-5). (B) Heat map depicting the
inflammatory response. Normalized means (averaged from 3-5 samples per group) calculated for each cytokine by taking smallest mean as 0% and largest mean as 100%. (C)
Representative bioluminescence images of Ep-ret pups at 3, 6, and 10 days after infection with luciferase-tagged MCMV in the presence of the indicated neutralizing
antibodies. (D) PLC burden in the spleen of PBS (Ctrl) and virus (MCMV)-infected Ep-ret pups also injected with the indicated neutralizing antibodies (1-way ANOVA; n = 3-5).
(E) ELISA-based quantification of p40 and flow cytometry-based quantification of IFN-y, and TNF-a in sera from control and MCMV-infected wild-type (R/wt), Statd™~ (R/Stat4),
IFN-y—neutralized, and p40-neutralized Ep-ret mice at 6 dpi (2-way ANOVA,; followed by Tukey test; n = 3-4). For the simplicity of graphs, comparisons between MCMV-

infected groups are shown. All data are presented as mean + SEM. *P < .05; ** P < .01; ***P < .001; ****P < .0001 (nonsignificant comparisons are not labeled).
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Figure 5 (continued)
Discussion

In most cases of B-ALL, leukemia onset results from secondary
genetic lesions occurring in preleukemic BCPs that are gener-
ated in utero. Despite this, to date, there have been no studies
on the direct impact of early-life virus exposure on fetal PLC. To
our knowledge, the findings presented herein provide the first
evidence that PLC respond directly to changes in the early-life

alterations in cell surface phenotype, intracellular pathway uti-
lization, and survival. In the presence of high levels of IFN-y,
these changes result in a significant reduction in PLC burden,
but only when virus exposure occurs within 7 days of birth.
Depletion is restricted to PLC/FrC cells and does not reflect a
general impact on B-lineage cells. The same age-dependent
pattern of depletion is observed in C57BL/6 and BALB/c mice
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Figure 6. E 1s IFN-y replicates BCP Fr-specific depletion of PLC. (A) Change in cell number of flow-sorted PLC cocultured on stromal cells in the absence (Ctrl) or

presence (IFN-y) of 1-ng/mL IFN-y for 60 hours. Quantification of PLC was achieved by Incucyte (Sartorius) live-cell analysis at 6-hour intervals. (B) PLC burden in the spleens of

noninfected wild-type (R/wt) Ep-ret pups after administration of different concentrations of IFN-y (1, 2, or 5 pg/dose) every 2 days, from 9 to 16 days of age (1-way ANOVA;

n = 3-5; **P < 005). (C) PLC burden in spleens of noninfected Stat4™'~ (R/Stat4) Ep-ret mice injected with 5 pg/dose IFN-y every 2 days, from 9 to 16 days of age (Mann-Whitney

test; n = 9-10; ***P < .005). (D) Spleen (left panel) and BM (right panel) B-cell Fr burden in PBS (Ctrl) and 5 pg/dose IFN-y-injected neonatal Ep-ret mice (Mann-Whitney test;
spleen: n = 4 Ctrl and 5 IFN-y; and BM n = 6 Ctrl and 10 IFN-y; *P < .05). All data are presented as mean + SEM. Nonsignificant comparisons in all graphs are not labeled.
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Figure 7. Impaired viral clearance generates a PLC-depleting IFN-y-mediated immune response in adult mice. (A) Representative images and overall plot of biolu-
minescence in 4-week-old Ep-ret pups infected with luciferase-tagged CMV with and without NK cell depletion (and uninfected controls) at 3, 6, and 10 dpi. For NK cell
depletion, 50-pg asialo GM1 antibody was administered at days -3, -1, +1, +4, and +7 (day 0 was the time of infection) (2-way ANOVA; n = 4-8; ****P < 0001). (B) ELISA-based
quantification of IL-12p40 (anti-p40 Ab) and IFN-y (anti-IFN-y Ab) in sera from PBS-injected control and CMV-infected (with and without NK depletion) adult Ep-ret mice at 10
dpi (1-way ANOVA; n = 6-10; **P < .005; ****P < .0001). (C) PLC burden in the spleens of PBS-injected control and CMV-infected (with and without NK depletion) adult Ep-ret
mice at 10 dpi (1-way ANOVA; n = 10-16; *P < .05; **P < .005). (D) Spleen (left panel) and BM (right panel) B-cell Fr burden after daily administration of PBS (Ctrl) or 10 pg/dose
IFN-y to 4-week-old adult Ep-ret mice for 7 days (Mann-Whitney test; n = 6 Ctrl and 7 IFN-y; *P < .005). All data are presented as mean = SEM. Nonsignificant comparisons in all

graphs are not labeled.

maturation stage of the responding immune system, rather than
the age of the B-ALL cells, remains a primary determinant
of outcome across strains with diverse immunological
backgrounds.

The induction of age-restricted, PLC-depleting immune activity
highlights the importance of timing of infection for protection
from leukemia, as has been observed in epidemiological
studies. Differences between the neonatal and adult immune
systems render neonates more vulnerable to infectious
agents.”'>® This vulnerability was reflected in our study by the

818 @ blood® 22 AUGUST 2024 | VOLUME 144, NUMBER 8

delayed control and higher viral load observed in MCMV-
infected neonates. However, MCMV itself does not directly
induce PLC loss; rather, the magnitude of cytokine production
in response to infection is the age-dependent variable affecting
the outcome. Although there is precedent for cytokine-
mediated depletion of B-lineage cells following viral
infections,*®*’ the narrow age restriction suggests that PLC
depletion is likely the result of a distinct, developmentally
regulated immune response. The BCP Fr—restricted depletion
pattern could be replicated by injection of exogenous IFN-y
into 1-week or 4-week-old mice, demonstrating the primary role
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of this inflammatory cytokine, which is present at significantly
higher levels in the peripheral blood of infected neonates and
NK cell-depleted adults. Although IFN-y has not been associ-
ated with ALL progression risk in studies of neonatal blood,>*>*
polymorphisms influencing IFN-y expression levels have been
associated with age at clinical onset and risk groups in children
with B-ALL.°® Further, the prominent role of IFN-y in early-life
depletion of PLC is consistent with our previous observations
that the cytokine is a significant modifier of preleukemia burden
in mouse models.”’*’

Consistent with the absence of mature adaptive immunity in
neonates, RAG1-dependent immune activity was not required to
reduce preleukemia burden. This finding implicated a STAT4-
dependent innate immune response in the depletion of PLC.
STAT4 is required for IFN-y production by various innate immune
cells, including dendritic cells, innate lymphoid cells (ILC1 and
ILC3), and alveolar macrophages.sg’60 However, the role of the
IL-12p40 subunit, rather than IL-12p70, in STAT4-dependent
PLC depletion was unexpected. Similar to a classical IL-12p70-
driven immune response, [L-12p40 stimulated significant pro-
duction of IFN-y in neonates, consistent with the suggestion that
IL-12p40 is an early, T cell-independent innate immune response
to pathogens.®’ A role of IL-12p40 in protecting against ALL is
consistent with the reported increased risk of ALL in premature
infants and in children infected with CMV in utero,®'*? 2 settings
where IL-12p40 expression is largely lacking.®*4*

The protective mechanisms identified in our study are in
contrast to the causative role of infection that has been
reported from in vivo studies using the ETV6-RUNX1 and Pax5-
haploinsufficient mouse models of B-ALL.?"?* In both of these
models, exposure to non-SPF (specific pathogen free) housing
conditions is necessary for B-ALL onset in 10% to 20% of mice,
beginning at ~6 months of age. However, disruption of the
microbiome by antibiotics also causes leukemia in the Pax5
model,” but not in ETV6-RUNX1 mice, suggesting that the
impact of early-life variables on disease progression may not be
shared across all B-ALL subtypes. Intriguingly, innate immune
signaling has been implicated in both the early-life protection
observed in our study, performed entirely in an SPF environ-
ment, and in the progression of B-ALL in Pax5%~ mice.?® This
may simply underline the importance of timing as a variable
influencing the outcome. However, given that both pro- and
anti-ALL activities have been attributed to purified pathogen
recognition receptor ligands,?>*/*> the pattern of response
pathway stimulation by specific infectious agents may also be a
significant variable. Furthermore, the leukemia cell of origin
may also influence the outcome of infection exposure.
Although ETV6-RUNX1 ALL is generally thought to arise from
an abnormal hematopoietic stem cell,*” for both hyper-
diploid and E2A-PBX ALL modeled in our study, the cell of
origin in most cases appears to be a lineage-committed pre-
cursor.**#¢? Defining the sensitivity of specific leukemia pre-
cursor populations to changes in their immune environment
may be critical to understanding the role that infections play in
the progression of each B-ALL subtype.

Surrogates for infection, including day care attendance, have
been associated with reduced ALL risk, with pathogen exposure
during early life appearing to be more protective than exposure
later in childhood."”®?° Although these findings have been

PROTECTIVE ROLE OF NEONATAL CMV INFECTION IN B-ALL

interpreted in the context of immune maturation,”®’" our results

reveal an alternative, or perhaps additional, protective activity
that could account for the lower incidence of childhood leukemia
compared with the higher frequency of AlL-associated trans-
locations detected in newborns.”'® The profound depletion of
PLC observed in neonatal mice after low-dose infection with
CMV, a common cause of mild or asymptomatic illness in infants
attending day care, provides a potential mechanistic explanation
for the reduced ALL risk and could provide the foundation for
future treatment or prevention strategies for B-ALL.
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