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B Cell Chronic Lymphocytic Leukemia Development in Mice with
Chronic Lung Exposure to Coccidioides Fungal Arthroconidia

Vanessa Coyne, Heather L. Mead, Patricia K. A. Mongini,* and Bridget M. Barker*

Pathogen Microbiome Institute, Northern Arizona University, Flagstaff, AZ

ABSTRACT

Links between repeated microbial infections and B cell chronic lymphocytic leukemia (B-CLL) have been proposed but not tested directly.
This study examines how prolonged exposure to a human fungal pathogen impacts B-CLL development in Ep-hTCL1-transgenic mice.
Monthly lung exposure to inactivated Coccidioides arthroconidia, agents of Valley fever, altered leukemia development in a species-specific
manner, with Coccidioides posadasii hastening B-CLL diagnosis/progression in a fraction of mice and Coccidioides immitis delaying
aggressive B-CLL development, despite fostering more rapid monoclonal B cell lymphocytosis. Overall survival did not differ significantly
between control and C. posadasii—treated cohorts but was significantly extended in C. immitis—exposed mice. In vivo doubling time
analyses of pooled B-CLL showed no difference in growth rates of early and late leukemias. However, within C. immitis—treated mice,
B-CLL manifests longer doubling times, as compared with B-CLL in control or C. posadasii—treated mice, and/or evidence of clonal
contraction over time. Through linear regression, positive relationships were noted between circulating levels of CD5*/B220'°% B cells and
hematopoietic cells previously linked to B-CLL growth, albeit in a cohort-specific manner. Neutrophils were positively linked to accelerated
growth in mice exposed to either Coccidioides species, but not in control mice. Conversely, only C. posadasii—exposed and control cohorts
displayed positive links between CD5%/B220'°" B cell frequency and abundance of M2 anti-inflammatory monocytes and T cells. The
current study provides evidence that chronic lung exposure to fungal arthroconidia affects B-CLL development in a manner dependent on
fungal genotype. Correlative studies suggest that fungal species differences in the modulation of nonleukemic hematopoietic cells are
involved. ImmunoHorizons, 2023, 7: 333-352.
INTRODUCTION about/key-statistics). Leukemic transformation is typically pre-
ceded for several years by monoclonal B cell lymphocytosis
(MBL), a condition in which the frequency of blood CD5" B cells
is chronically elevated above normal (1). Even prior to MBL and

B cell chronic lymphocytic leukemia (B-CLL) is a malignancy of
the CD5™ B-1 subset of B lymphocytes and the most frequent adult

leukemia in the United States and Western Europe. The malig-
nancy appears with advancing age and has a lifetime risk of 0.57%
(https://www.cancer.org/cancer/chronic-lymphocytic-leukemia/

up to 16 y before B-CLL diagnosis, a dominant high-risk B cell
IgH (IgVH) clonotype is detectable (2). Leukemic cells in blood
are relatively quiescent, but significant clonal growth occurs in
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lymphatic tissues (3-6). Whereas B-CLL is often characterized by
slow growth, warranting a “wait-and-watch” approach to ther-
apy, malignant clones can become aggressive. This reflects the
emergence of variant cells bearing new single-point mutations or
deletions (7, 8) and changes in their growth-supporting milieu (9).

Nontransformed B-1 B cells have important roles both in
early Ab responses to bacterial, viral, and fungal pathogens
(10-13) and in synthesis of Abs that clear the body of apoptotic/
stressed cells (14). Correspondingly, the BCRs on these B-1 cells
are typically polyreactive, enabling their engagement with both
microbes and compromised cells (15). While B-1 cells spontane-
ously produce Ab, as a form of innate immunity (16), microbes
can also elicit their clonal expansion (10, 15, 17).

A link between infections and B-CLL development has been
long suspected. First, the IgVH/IgVL repertoire of leukemic
clones is highly skewed and shared by unrelated patients and
mice (3, 18-22). Although BCRs of many B-CLL populations can
engage both microbes and self-epitopes (23-26), in some clones,
BCR specificity for infectious agents is dominant. The latter is
exemplified by a subset of IgVH-mutated B-CLLs with high
affinity for fungal B-glucan (18) that are selectively activated
in vitro by fungal products (18). Second, several epidemiological
studies reveal a statistical link between repeated infections and
later B-CLL emergence (27, 28). Third, lymph nodes (LNs) that
drain infected tissues and harbor microbes (29) are major sites
for B-CLL clonal expansion in patients. Microbe-elicited TLR
signaling may be a major driver for this clonal expansion, as
suggested by gene expression profiles of proliferating B-CLL
cells within LNs (30), the typically elevated B-CLL expression
of TLRs for microbe-expressed pathogen-associated molecular
patterns (PAMPs) (31, 32), and the often significant in vitro
B-CLL clonal expansion elicited upon coculture with ligands
for TLRY (or TLR2) and cytokines typical of inflamed tissues
(5) (P.K.A.M., unpublished observations). Notwithstanding, it
is still a conjecture that infection drives the transformation pro-
cess and/or B-CLL growth in patients.

Using an approach possible only with experimental animals,
the current study employs Ep-hTCL1-transgenic (Tg) mice (33)
(hereafter termed TCL1-Tg mice) to test whether chronic lung
exposure to an airborne fungus, Coccidioides, influences the
temporal appearance and/or progression of B-CLL. These mice
have been extensively used as a model for human B-CLL since
their development by Bichi et al. (33, 34). Virtually all untreated
TCL1-Tg mice develop B-CLL with advanced age, with a time
course that varies between individuals (33, 35).

Coccidioides immitis and Coccidioides posadasii, etiologic agents
for Valley fever, are dimorphic fungi endemic to the western
United States and regions of Mexico, Central America, and South
America (36, 37). Within arid soils, Coccidioides replicates in its
mycelial form, generating arthroconidia that are released into
the environment (37). Upon inhalation into lungs, conidia trans-
form into spherules, the parasitic form of Coccidioides. Immature
spherules enlarge, undergo numerous nuclear divisions, and
form hundreds of endospores that are released upon rupture of
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the mature spherule. Diffusing endospores mature into new
spherules, repeating the above process (38).

Prior studies in mice exposed to in vitro-propagated Cocci-
dioides arthroconidia show that the immune system responds
with rapid mobilization of neutrophils and macrophages, fol-
lowed by a strong Ab response thought to be poorly protective
(39), and the activation of various T cell subsets, both inflam-
matory and anti-inflammatory (40, 41). Histological examina-
tions of lungs from arthroconidia-exposed mice and patients
with Valley fever show that a localized granuloma is formed
by incoming neutrophils with macrophages and lymphocytes
at the periphery (41, 42). In humans, an abundance of IL-10"
B cells within surrounding lymphocyte clusters (41) suggests the
participation of regulatory B cells (43, 44). Most Coccidioides in-
fections resolve within weeks, but a considerable proportion can
become chronic, with occasional dissemination to other organs/
tissues (45-47).

In endemic areas, both C. posadasii and C. immitis are major
causes of community-acquired pneumonia (48) that is rising
with climate change (37). C. immitis predominates in California,
and C. posadasii is most prevalent in Arizona, New Mexico, and
Texas (49). The two species appear to have diverged ~5 million
years ago (50) and exhibit several genetic differences (46). To
date, no straightforward evidence has emerged of differing dis-
ease manifestations by the two species, albeit an earlier mouse
study found significant differences between the C. posadasii and
C. immitis strains in eliciting several inflammatory proteins at
3-5 d after lung infection (51).

The following study compares the age of B-CLL diagnosis,
in vivo leukemic cell doubling times (DTs), and mouse survival
in control TCL1-Tg mice and TCL1-Tg mice chronically ex-
posed to formalin-inactivated C. posadasii or C. immitis arthro-
conidia. We report that leukemia-prone mice exposed to either
species of Coccidioides exhibit elevated blood levels of neutro-
phils, T cells, and B cells (conventional and B-1) prior to leuke-
mia diagnosis, consistent with an activated immune system.
However, important differences between the two Coccidioides
species exist, both in the relative effect on B-CLL development
and relative correlation of ancillary leukocyte subsets in blood
with circulating frequency of CD5"/B220'" (preleukemic and
leukemic) B cells.

MATERIALS AND METHODS

Experimental mice

Breeding pairs for homozygous Ep-hTCL1-Tg mice, back-
crossed on the C57BL/6 background, were provided by Drs.
Nicholas Chiorazzi and Xiao Yan (Feinstein Institute for Medical
Research/Northwell Health, Manhasset, NY) (21) upon the ap-
proval of Dr. Carlo Croce, whose laboratory developed and char-
acterized mice with the Eu-hTCLI transgene (33, 52). TCL1-Tg/
C57BL/6 mice were expanded at Northern Arizona Univer-
sity in its American Association of Laboratory Animal Care-
accredited animal facility. Presence of the human TCLI1 transgene
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was confirmed by PCR using specific primers (forward, 5'-GCC-
GAGTGCCCGACACTC-3; reverse, 5-AGACCCCAGATCCAGA-
AAGG-3') (https://www.ncbinlm.nih.gov/gene/8115). Mice were
maintained at the animal care facility at Northern Arizona Uni-
versity under protocol numbers 17-012 and 21-011.

At the time of weaning (3 wk), mice from each litter were
divided among three experimental cohorts, with males and fe-
males equally represented in each cohort. Each individually
ventilated cage contained from one to a maximum of five mice,
with numbers largely dependent on whether male mice were
littermates. Experimental cohorts were established on the basis
of monthly treatments: PBS cohort, 14 mice; arthroconidia-
exposed cohorts, 17 mice with n = 9 exposed to C. posadasii
(SILV) and n = 8 exposed to C. immitis (RS). Intranasal admin-
istration began at 1 mo of age and continued monthly through-
out the lifespan of each mouse. Beginning at 5-6 mo of age,
blood samples were collected monthly, at 7-10 d following the
intranasal treatment.

Preparation of Coccidioides conidia for intranasal
inhalation

In vitro-propagated Coccidioides strains (SILV and RS) (53) were
cultured on solid media (1% yeast extract, 2% glucose, and 1.5%
agar), grown for 6 wk, and harvested following methods in Mead
et al. (54). Harvested conidia were exposed to 1% PBS-buffered
formalin for 48 h. Fixed conidia were washed and stored at 4°C
up to 4 mo, and then refreshed using the same protocol. Steril-
ity checks were conducted on wild-type strains prior to bring-
ing samples out of the biosafety level 3 laboratory to ensure
that all organisms were killed with the procedure. For intrana-
sal inhalation, animals were lightly anesthetized with isoflurane
and exposed to 30 pl of 500 arthroconidia in PBS, following the
protocols detailed in Mead et al. (54).

WBC enumeration and immunofluorescent staining for
phenotypic markers
Blood was collected from the submandibular vein following
isoflurane anesthesia into EDTA-coated microfuge tubes with
rapid mixing (https://lists.purdue.edu/pipermail/cytometry/
2002-March/021840.html). All samples were stored on ice and
processed within 3 h of collection. The volume of blood in each
microfuge collection tube was determined following a few sec-
onds of rapid microfuge centrifugation and recorded. Following
dilution with cold PBS, centrifugation, and removal of the
plasma-rich layer, the cell pellet was treated for 4-5 min with
cold 1x RBC lysis buffer (BioLegend, San Diego, CA) before ad-
ditional centrifugation, washing of the pellet in cold PBS, and
resuspension in assay buffer (PBS + 1% BSA + 0.1% sodium
azide). An aliquot of cells was used to obtain a WBC count by
hemocytometer (in duplicate) and the total WBCs/ml collected
blood was calculated.

Remaining cells were used for immunofluorescence staining,
unless the WBC count exceeded ~20 million/ml blood, in which
case cells were diluted in assay buffer to obtain <1 million cells
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per staining well. Before exposure to fluorochrome-conjugated
Abs, cells were pretreated for 15 min with TruStain FcX (anti-
mouse CD16/32 blocking Ab; BioLegend, 101319). Subsequently,
WBCs from each blood sample were stained separately for
1) CD45" B cells, B-CLL cells, and T cells and 2) CD45" neutro-
phils, total monocytes, and monocyte M1 and M2 subsets, with
staining typically performed in duplicate. The frequency of each
population in blood (millions/ml) was determined from its pro-
portional representation in the WBC population by flow cytome-
try and the total WBC count/ml blood, determined as above.
Fluorochrome-conjugated Abs used for these determinations
were specific for the following: B220-AF488 (BD Pharmingen,
557669), CD5-PE (BD Pharmingen 553023, clone 53-7.3), CD19-
allophycocyanin (BioLegend, clone 1B3), CD45-PerCP-Cy5.5
(BD Biosciences, 550994), CD11b-allophycocyanin (clone M1/70,
BioLegend), Ly6G-allophycocyanin-eBio780 (eBioscience, clone
1AB-Ly6G; Invitrogen, 47-9668-80), CD115-PE (BioLegend, 135506,
clone AFS98), and Ly6C-AF488 (BioLegend, 128021, clone HK1.4).
Control IgG Abs included the following: FITC-mouse IgG2a
(BD Biosciences, clone G20-127), PE-rat IgG2b (R&D Sys-
tems, ICO13P), PerCP mouse IgGl (BD Biosciences, 349044),
and allophycocyanin-mouse IgGl (R&D Systems, 1C002A). Stain-
ing of cells involved a 30-min incubation at 4°C with the relevant
Ab-staining mixture in assay buffer, and a subsequent three
washes in cold assay buffer, followed by one wash in cold PBS
and fixation in 1.5% EM-grade paraformaldehyde in PBS. Flow
cytometric evaluation of stained cells was performed with a
dual-laser Beckman Coulter CytoFLEX flow cytometer, with
single-color compensation tubes prepared by incubating One-
Comp eBeads compensation beads (Invitrogen, 01-1111) with
either Ly6C-AF488, CD5-PE, CD45-PerCP-Cy5.5, CD19-
allophycocyanin, or Ly6G-allophycocyanin-eBio780. Data
analysis was performed with FlowJo.

Criteria for diagnosis of MBL, B-CLL, and transformation
into “overt” B-CLL

MBL was diagnosed when frequency of blood CD5* B220'°" B cells
reached 0.5 to >5 million cells/ml. B-CLL was diagnosed when the
frequency of blood CD5"B220"°" B cells was =5 million cells/ml
in three consecutive blood samples, or, alternatively, when the
last blood sample taken prior to a survival endpoint contained
>10 million CD5"B220'°" B cells/ml. Conversion into overt
B-CLL was determined when the blood frequency of CD5"
B220'°" B cells reached =20 million cells/ml.

B-CLL in vivo DT

B-CLL DT (in days) for each B-CLL population was determined
from peripheral blood frequencies of CD5"B220"°" B cells over
sequential months. For DT determinations, an online DT/growth
rate calculator based on exponential regression was used (http://
www.doubling-time.com/compute.php). In a prior study, the lat-
ter was employed to monitor in vivo growth rate of human
B-CLL populations (5).
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Survival endpoint determinations

Early during this study, overall health of mice was monitored
daily. Following 7-8 mo of age, mice were checked twice daily
for physical changes. Although occasional mice died prior to
significant physical signs of decline, in most cases mice reach-
ing criteria for a survival endpoint were euthanized. This was
characterized by labored breathing, lack of appetite, poor body
condition, and lack of movement after stimulus, and typically
confirmed by the animal facilities veterinarian.

Necropsy determinations

Euthanized mice, or in rare cases mice that died spontaneously
within a day after the last inspection, were subjected to nec-
ropsy. Necropsies were performed by the same individual in
nearly all cases and included measurement of spleen length (in
centimeters) and subjective determination of relative enlarge-
ment (lymphadenopathy) of thoracic lymph LNs and inguinal
LNs. Additionally, the condition of lungs and liver was noted.
Although initial necropsy tissues were not photographed, those
from nearly all later necropsies were. This allowed for indepen-
dent tissue assessments by two additional investigators, and in
these cases, tissue enlargement scores reflected the mean as-
sessments of the three investigators.

Statistical analysis

Pairwise comparisons of parametric data from two indepen-
dent cohorts involved the two-sided, unpaired t test, or when
data were nonparametric, the Mann-Whitney U test. Insights
into whether the three experimental cohorts exhibited statis-
tically significant differences involved the Kruskal-Wallis one-
way ANOVA on ranks, followed by pairwise multiple comparisons
(Dunn’s method). Kaplan-Meier plots were used to assess
whether the time course for emergence of B-CLL, or overt B-CLL,
differed between the three experimental cohorts, with statistical
significance determined by a log-rank analysis. When statistical
differences were present by the latter, pairwise comparisons for
statistical significance employed the Holm-Sidak method. Ka-
plan-Meier plots with log-rank/Holm-Sidak statistical analyses
were also employed to compare overall survival and disease-spe-
cific survival within the three cohorts. Disease-specific survival
compared the longevity of mice diagnosed with B-CLL. Linear
regression analyses assessed for statistically significant relation-
ships between frequencies of CD5"B220"°" B cells and possible
ancillary populations of WBCs. Regression plots yielding p val-
ues <0.05 were considered statistically significant. All statisti-
cal analyses were performed with SigmaPlot software.

RESULTS

Experimental design and blood leukocyte gating

Fig. 1 outlines this study’s approach for testing the hypothesis
that repeated lung exposure to Coccidioides fungal arthroconi-
dia accelerates B-CLL emergence and/or aggressiveness. Lung
exposure was achieved through monthly intranasal administration
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of fixed C. posadasii (SILV) or C. immitis (RS) arthroconidia, begin-
ning at ~1 mo of age (Fig. 1A). Monthly blood samples from fun-
gus-treated and PBS-treated control mice were collected beginning
at 5-6 mo, an age prior to leukemia manifestation in most TCLI-
Tg mice (33). Following immunofluorescence staining, the indi-
cated flow cytometric gating strategies (Fig. 1B, 1C) were used to
assess the proportions of B cells with leukemic phenotype (CD19™,
CD5", B220"") and other leukocytes within CD45" gated WBCs
(normal B and T cells, neutrophils, and monocytes). Population fre-
quency was calculated from numbers of total WBCs/ml blood
(found by hemocytometer cell count) and each population’s repre-
sentation within total WBCs.

Altered blood leukocyte levels in Coccidioides-exposed
TCLI1-Tg mice at 6-7 mo of age

In the earliest blood samples, we found several leukocyte popu-
lations elevated in Coccidioides-exposed cohorts, as compared
with PBS-treated control mice. Data in Fig. 2A show that neu-
trophil frequency was higher in both SILV- and RS-treated
cohorts, as compared with the control group, with statistical
significance reached only in the RS-treated cohort (p = 0.02).
Additionally, both SILV- and RS-treated mice manifested sig-
nificantly greater frequencies of total T cells (Fig. 2B) and to-
tal B cells (Fig. 2C) than did control mice. Furthermore, the
levels of conventional B cells (CD5 /B220"%&™) were signifi-
cantly higher in RS-treated mice than in controls (p = 0.04)
(Fig. 2D). Finally, significantly elevated frequencies of CD5"/
B220'°% B-1 cells (Fig. 2E) were found in RS-treated mice as
compared with controls (p = 0.01), although neither RS mice
nor control mice reached a threshold for tentative B-CLL
diagnosis (=5 million/ml). Although two of nine (22%) SILV-
treated mice did manifest >5 million CD5"/B220"" B cells
at this age, the mean frequency of CD5"/B220"°" B cells in
the latter cohort did not differ significantly from control mice.
At ages >7 mo, greater intracohort variability was noted in all
cell populations, and no statistically significant differences be-
tween cohorts were found (Supplemental Fig. 1 and data not
shown). Taken together, these findings indicate that chronic
lung exposure to Coccidioides conidia elevates the levels of
several distinct blood leukocyte lineages, generally prior to the
emergence of B-CLL, with the exception of two mice in the
SILV-treated cohort.

B-CLL development in control and Coccidioides-exposed
TCLI1-Tg mice

Histograms in Fig. 3 show the frequencies of CD5" /B220"°" B cells
(preleukemic and leukemic) across the lifespan of individual mice
within each cohort. Consistent with past studies (33), the time
course for B-CLL appearance in TCL1-Tg mice was highly variable.
During the ~15-mo duration of this experiment, overall B-CLL in-
cidence in the PBS, SILV, and RS-treated cohorts was 36, 56, and
63 percent, respectively, and incidence of overt B-CLL was
14, 33, and 38 percent, respectively (Fig. 3A-C). Although not
all mice were diagnosed with B-CLL prior to their endpoint,
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FIGURE 1. Experimental design and gating strategy for diverse blood leukocytes.

(A) With three cohorts of B-CLL—prone TCL1-Tg mice, we examined whether B-CLL development is affected by repeated inhalation of Coccidioides
arthroconidia. The control cohort was exposed to vehicle alone (PBS; n = 14); test cohorts received 1000 fixed C. posadasii conidia (SILV; n = 9) or 1000
fixed C. immitis conidia (RS; n = 8) monthly, beginning at ~1 mo of age and continuing throughout each recipient’s lifespan. Blood samples were acquired
monthly, beginning at 5-6 mo. Total WBCs in individual samples were counted and normal and leukemic cells were distinguished by immunofluorescence
staining and flow cytometry. (B) Gating strategy for B and T lymphocytes. Viable singlets were gated for the pan-leukocyte marker, CD45, and assessed for
CD19 expression. T cells within the CD19™ population were identified by their CD5"9" status. Normal and leukemic B cells within the CD19* gate were dis-
tinguished as follows: B-CLL cells, CD5*/B220"°"; normal B cells, CD5~/B220"9". (C) Neutrophils and monocytes. Viable singlets, gated for CD45, were
evaluated for CD11b and Ly6G expression. Neutrophils are Ly6G* /CD116"M"; monocyte-enriched WBCs are Ly6G~/CD11b"". Contaminating eosinophils
were removed from the latter by gating out cells with high side scatter (SSC). The resulting monocyte population (Ly6G~/CD11b"9"/SSC'°%) expressed
CD115, a marker of blood monocytes. Note that in most mice =7 mo of age, monocytes were not enumerated due to suboptimal monocyte staining/
gating, and neutrophils were gated either as CD45*CD19~CD5~/SSC™" or as CD45" /Ly6G™ . Later comparisons indicated that the latter two approaches
at neutrophil enumeration yielded results highly concordant with neutrophils gated as CD45"/CD116"9"/Ly6G* (C).

CD5"/B220"" B cells represented >35% of total circulating B control, SILV-, and RS-treated cohorts were 66.3 * 29.9,
cells within the last blood sample taken, in all but 4 of 31 total ~ 65.8 = 34.4, and 83.2 * 16.1%, respectively.

mice (87%) (Supplemental Fig. 1). In this last blood sample, the Temporal monitoring of CD5"B220"°" B cell frequencies
mean * SD values for the percent CD5" /B220'°% B cells within  during the lifespan of individual mice further emphasizes these

https://doi.org/10.4049/immunohorizons.2300013



338 COCCIDIOIDES FUNGUS EFFECTS ON B-CLL

»
q . ImmunoHorizons

A B D  cD5-/B220hi E cD5+/B220I0
Neutrophils Total T cells Total B cells conventional B cells B cells
8 8 % P=0.001 300 1 P=0.02 300 | | 300
150 | - T 1 150

m = 6 15 / P=0.04 / / /
c E P=0.04 P=0.04
i : 15 . 15 1 15
w e 4 10
m 2
= = 10 ¢ 10 | 10
2 &, s =
i 51 51 5
el
) 0 0 0 0 . e

PBS SILV RS PBS SILV RS PBS SILV RS PBS SILV RS PBS SILV RS

100 _P=0075

] LIy
: W™ [

PBS SILV RS PBS SILV RS

20

% of CD19+ B cells T

0!

FIGURE 2. Coccidioides lung exposure alters blood levels of several leukocyte populations at 6—-7 mo of age.

Shown is the cell frequency (millions/ml) of blood leukocyte populations in mice of each cohort: PBS (n = 14 mice), SILV (C. posadasii treated; n = 9), or RS
(C. immitis treated; n = 8). (A—E) Boxplots show frequencies of (A) neutrophils, (B) total T cells, (C) total B cells, (D) nonleukemic, normal B cells (CD5~/B220"M9"
and (E) cells with a preleukemic/leukemic phenotype (CD5*/B220'°*). Note that due to suboptimal monocyte staining in most blood samples taken at this
age, insufficient data were available for statistical comparisons of monocyte numbers between cohorts. Nonetheless for two mice of each cohort, satisfacto-
rily stained/gated for monocytes (as in Fig. 1C), the following frequencies were noted (mean * SD in millions/ml): PBS, 0.24 = 0.27; SILV, 1.38 = 1.19; and RS,
0.43 + 0.04. (F) Percent of total CD19™ cells with normal B cell phenotype and (G) percent of total CD19™ cells with leukemic phenotype. Differences were
determined as statistically significant using a t test, for data with a normal distribution, or a Mann—Whitney rank-sum test for nonparametric data.

intercohort differences. First, the SILV-treated cohort (Fig. 3B)
manifested a relatively high incidence of mice (22%) with both
rapid B-CLL diagnosis (before 9 mo) and progression to overt
B-CLL, as compared with the remaining cohorts (0% of mice
with these attributes). Conversely, while RS-treated mice were
more uniform in manifesting MBL at 6-8 mo (Figs. 2, 3C),
B-CLL diagnosis was typically delayed in this cohort due to
waxing and waning frequencies of CD5"/B220"" B cells (e.g.,
E4-M1, E4-M2, and E16-F2) (Fig. 3C). The latter oscillating
pattern was not typical of either the PBS- or SILV-treated
cohorts.

Kaplan-Meier incidence plots similarly suggested that cer-
tain members of the SILV-treated cohort exhibited more accel-
erated B-CLL diagnosis (Fig. 4A) and conversion to overt B-CLL
(Fig. 4B) than did the other cohorts. However, these differences
between the three cohorts were not statistically significant by
log-rank statistical analysis. Additional study is needed with
larger sample sizes that provide greater statistical power. Like-
wise, boxplot comparisons of the cohorts for the age of B-CLL
manifestation (Fig. 4C) did not show statistically significant var-
iations (p = 0.491). When the age of conversion to overt B-CLL
was considered (Fig. 4D), statistically significant intercohort
variation was noted (p = 0.025; Kruskal-Wallis one-way
ANOVA on ranks). Further pairwise cohort comparisons

(Dunn’s method) revealed that the age for overt B-CLL diag-
nosis in SILV-treated mice was significantly earlier than for
RS-treated mice (p = 0.03).

Taken together, the above time course analyses revealed unan-
ticipated differences between C. posadasii (SILV) and C. immitis
(RS) arthroconidia in affecting leukemia development. Although
not statistically significantly, C. posadasii appears to accelerate de-
velopment in a fraction of TCL1-Tg mice, as compared with con-
trols, and C. immitis significantly slows overt B-CLL development
when compared with C. posadasii-exposed mice.

Comparative B-CLL growth rates within control mice and
mice chronically exposed to C. posadasii (SILV) or

C. immitis (RS) conidia

DT analyses were undertaken for insights into the relative
growth rate of the emergent B-CLL. Specifically, we wanted to
examine 1) whether growth rates of early and late-emerging
B-CLL differed; 2) whether leukemic growth rates were af-
fected by Coccidioides exposure; and 3) whether leukemias that
became overt had intrinsically faster initial growth rates. For
these assessments, the frequency (log) of CD5"/B220" B cells
in each leukemic mouse was plotted versus age, beginning from
the initiation of linear growth onward through the expansion
phase (Fig. 5A-C). DTs were determined from data points for
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linear growth (filled circles), using a Web-based calculator for
obtaining DT values (and inversely related growth rates) (5).
Not included in these DT assessments were data points repre-
senting later “clonal contraction,” here defined as declining lev-
els of leukemic cells over time (open circles). Of note, clonal
contraction was not apparent in B-CLL of SILV-treated mice,
but it was detected in two of five leukemias of the RS-treated
cohort (E3-M2 and E4-M2) and one of five leukemias of the
PBS-treated control cohorts (E1-M3).

Fig. 5D lists DT for each leukemia in days, together with
mouse age at diagnosis (month), and final overt status (+ or —)
for each B-CLL. Importantly, we found no statistically significant
intercohort differences in B-CLL DT (p = 0.54 by Kruskal-Wallis
one-way ANOVA on ranks). Furthermore, pooled DT values for
all “early” B-CLL were not significantly different from all “late”
B-CLL (Fig. 5E). This was the case despite significant differences
in the mouse age for leukemia diagnosis (Fig. 5E). However, a dif-
ference (p = 0.07) was seen when DT values for total “nonovert”
B-CLL (light gray bar) were compared with those of total overt
B-CLL (dark gray bar) (Fig. 5F, left). This prompted examination
of each cohort for DT variation between nonovert and overt sub-
sets (Fig. 5F, right). We found that DT of nonovert B-CLL and
overt B-CLL within the RS-treated cohort was significantly differ-
ent (p = 0.025 by a two-sided, unpaired t test). Differences of sta-
tistical significance were not detected with either the SILV- or
PBS-treated cohort.

In summary, when DT analyses are taken together with ear-
lier described characteristics of each B-CLL population, the fol-
lowing insights emerge. Accelerated B-CLL diagnosis in a fraction
of SILV-treated mice is not explained by unusually rapid growth
rate (shorter DT). Disparity in leukemia DT is evident in all
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cohorts, but most pronounced in RS-treated mice. Most (three of
five) B-CLLs from RS-treated mice are characterized by either
clonal contraction and/or slower growth rate (longer DT). In all
treatment groups, B-CLL that evolved to overt status displayed
comparable DT.

Disease-specific and overall survival time in control and
Coccidioides-exposed TCL1-Tg mice
During the 15-mo course of this experiment, several mice
reached a survival endpoint without manifesting B-CLL. There-
fore, Kaplan-Meier survival analyses were performed both for
overall survival, representing total mice surviving from death by
any cause, and for B-CLL-specific survival. Overall survival curves
(Fig. 6A) showed considerable intercohort diversity (p = 0.003 by
log-rank analysis), largely reflecting the substantially greater sur-
vival of RS-treated mice, as compared with the other cohorts
(»p = 0.004 for both RS versus PBS and RS versus SILV, by
Holm-Sidak test for pairwise multiple comparisons). Disease
(B-CLL)-specific survival curves (Fig. 6B) also manifest interco-
hort diversity (p = 0.015 by log-rank analysis), largely represent-
ing differences between RS-treated mice versus SILV-treated
and PBS cohorts (p = 0.03 and p = 0.02, respectively, by the
Holm-Sidak test). Although an accelerated demise of SILV-
treated mice versus control mice was noted in the disease-
specific survival plots, the difference was not statistically signifi-
cant by log-rank analysis. It is noteworthy that the SILV-treated
mice dying at a relatively young age were the same mice exhibit-
ing early breakthrough to overt B-CLL, that is, E17-F2, E8-F],
and E18-M1.

Findings at necropsy suggest that the cause of death in nonleu-
kemic mice varies. When considering those whose death occurred
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FIGURE 4. Statistical analysis of B-CLL incidence with age.

(A) Kaplan—Meier incidence curves, representing the percentage of each cohort that is B-CLL—free over time. Small filled circles stand for censored
events, reflecting mouse death without a B-CLL diagnosis. (B) Kaplan—Meier incidence curve, representing the percentage of each cohort that is
free of overt B-CLL over time. PBS cohort, solid gray; SILV, dashed black; RS, short dash gray. Differences observed in (A) or (B) plots did not reach
statistical significance by log-rank analysis. (C) Boxplot analysis of pooled data representing age at B-CLL diagnosis within each cohort. Boxes
show median levels, with upper and lower quartiles and whiskers representing variability outside the quartiles. Overlaid black circles represent
values of individual mice. Statistical analysis (Kruskal-Wallis one-way ANOVA on ranks) showed no significant difference between these groups
(p = 0.491). (D) Boxplot of pooled data representing age at overt B-CLL diagnosis within each cohort. Statistical analysis (as above) revealed a sta-
tistically significant difference between these groups (p = 0.025). B-CLL cases in the PBS cohort were insufficient to make pairwise comparisons
with other cohorts through the unpaired, two-sided t test. Nonetheless, ages for overt B-CLL diagnosis in the SILV cohort were statistically different

from those in the RS cohort (p = 0.03) by the latter analysis.

before 13 mo of age, the following were observed: 1) PBS co-
hort (n = 5): two of five with MBL and either hepatospleno-
megaly (n = 1) or large thymoma attached to lung (n = 1),
and three of five without MBL but with splenomegaly with
or without hepatomegaly (n = 2) or a large, solid lung tumor
(n = 1); 2) SILV cohort (n = 2): all negative for MBL but
manifesting either enlarged spleen and notably enlarged tho-
racic LNs (n = 1) or enlarged spleen, abnormal liver, and

slightly enlarged thoracic LNs (n = 1); 3) RS-treated cohort
(n = 1) with MBL and hepatosplenomegaly. Importantly, a pre-
vious report indicated that 36% of aging Ep-TCL1-Tg mice de-
velop nonhematological malignancies, particularly histiocytic
sarcoma (55). Thus, diminished survival due to a non-B cell
malignancy is expected. Nonetheless, the possibility that some
TCLI1-Tg mice in the current study died of an aggressive B cell
lymphoma, without leukemic manifestation, is not excluded.

https://doi.org/10.4049/immunohorizons.2300013
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FIGURE 5. Doubling time determinations for B-CLL populations in control and Coccidioides-exposed mice.

(A—C) Linear regression plots showing frequency of CD5*/B220'°" B cells (log) versus age of mice diagnosed with B-CLL. (A) PBS. (B) SILV. (C) (RS). Lines
with filled symbols show the progressive increase in B-CLL numbers over time. The frequencies of CD5"/B220'°" cells that qualify as preleukemic
monoclonal B cell lymphocytosis (MBL = 0.5-5 million/ml) were included in these plots when the latter supplied added confidence in the linear growth
curve. Contraction of the leukemic population was seen in certain mice (E1-M3 in PBS cohort; E3-M2 and E4-M2 in RS cohort). Leukemic cell counts
during contraction are shown by open symbols; these were not used to compute initial B-CLL doubling time (DT). (D) Age of diagnosis (months), DT val-
ues (days), and overt status of each B-CLL within the PBS, SILV, and RS cohorts. Calculation of DT was achieved with an online DT calculator based on
exponential regression (http://www.doubling-time.com/compute). (E) Pooled B-CLLs were categorized as early CLL (n = 6; range, 6.5-9.4 mo) or late
CLL (n = 9; range, 10.5-12.9 mo) based on age at diagnosis. By boxplot analysis, the two groups were compared for statistically significant differences
in (left) age of B-CLL diagnosis (p = 0.00004 by a two-sided, unpaired t test) and (right) B-CLL DT (not significant). (F) Left, Boxplot analysis for DT in to-
tal overt versus total nonovert B-CLL populations (p = 0.070 by nonparametric Mann—Whitney rank-sum test). Boxplots for B-CLL DTs in nonovert
(light gray bars) versus overt B-CLL (dark gray bars) of each experimental cohort (overlaid filled symbols represent individual mouse values). Median DT
for overt B-CLL was consistently low in all cohorts (no statistically significant difference by Kruskal—Wallis one-way ANOVA on ranks). Greater intercohort
diversity in DT was seen in nonovert B-CLL, without reaching statistical significance. Nonetheless, within the RS cohort, DT values for nonovert and overt
B-CLL were significantly different (p = 0.025 by a one-sided and p = 0.05 by a two-sided, unpaired t test).

In sum, the integration of time course data for B-CLL de-  effects on this leukemia. A fraction of mice chronically ex-
velopment and disease-specific survival shows that arthroco-  posed to C. posadasii (SILV) develop B-CLL at earlier ages.
nidia from two distinct Coccidioides species have differing  These early-appearing B-CLL populations are characterized by
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FIGURE 6. Overall and disease-specific
survival times in control and Coccidioides-
exposed TCL1-Tg mice.
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rapid growth and accelerated death of mice in which they origi-
nated. Conversely, although mice chronically exposed to C. im-
mitis (RS) conidia manifest MBL at a faster rate than other
cohorts, emergence of B-CLL is not more rapid than in PBS-
treated controls. Unexpectedly, C. immitis has an attenuating
effect on the aggressiveness of most B-CLL and improves
mouse survival.

Relationship between B-CLL growth and blood levels of
monocytes, neutrophils, and T cells

Prior studies with humans and mice afflicted with B-CLL indi-
cate that monocytes, neutrophils, T cells, and stromal cells play
important roles in fostering B-CLL growth (5, 52, 56-59). Be-
cause airborne exposure to Coccidioides conidia induces vigor-
ous and complex immune responses (60), we postulated that
Coccidioides-mediated changes in such nonleukemic cells might
affect the transformation process and/or the milieu for B-CLL
growth. Thus, we compared the frequency of circulating CD5"/
B220'°" B cells with the frequency of potential accessory cells
in monthly blood samples. Frequency data for neutrophils, mono-
cytes, and T cells during the lifespan of individual mice is pre-
sented in Supplemental Fig, 2.

Linear regression analyses (Fig. 7) enabled us to assess
each cohort (and total experimental mice, or cohort pool) for
statistically significant correlations between blood frequencies
of CD5" /B220'Y B cells and the following differing accessory
cell populations.

Neutrophils. As seen in Fig. 7A, a highly significant relationship
between neutrophil frequency and levels of circulating CD5"/
B220"°" B cells (preleukemic and leukemic) was detected in
both Coccidioides-exposed cohorts (p = 0.003 and p < 0.001

AGE (months)

AGE (months)

for SILV and RS, respectively). This was not observed in the
PBS control cohort (p = 0.65).

Monocytes. Fig. 7B shows that only the SILV-treated cohort
exhibited a highly significant link between total monocyte
number and CD5"/B220°% B cells (p < 0.001). However, a
similar trend of borderline statistical significance was seen
within the PBS- and RS-treated cohorts (p = 0.068 and p =
0.064, respectively).

T cells. Fig. 7C shows that T cell frequency was highly linked
to the number of circulating CD5"* /B220'" B cells, within both
the PBS- and SILV-treated cohorts (p = 0.003 and p = 0.004,
respectively). Interestingly, this was not observed in RS-treated
mice (p = 0.857). Nonetheless, the median frequency of circu-
lating T cells over the lifespan of RS-treated mice (3.2 million
T cells/ml blood) was comparable to that of control and SILV-
treated cohorts (3.1 and 2.9 million/ml, respectively) (Supplemental
Fig. 2D).

Taken together, the above findings suggest that neutrophils
play a unique role in fostering B-CLL development in mice ex-
posed to Coccidioides conidia of either fungal species. Furthermore,
although monocyte levels are associated with B-CLL growth in all
mice, this link appears to be most pronounced in mice chronically
exposed to C. posadasii. Finally, although T cell numbers are statis-
tically linked to B-CLL growth in control and SILV-treated mice,
this is not this case for RS-treated mice.

Impact of circulating classical and nonclassical monocyte
subsets, M1 and M2, on CD5" /B220"" B cell frequencies
Coccidioides infections are known to elicit both inflammatory and
counteracting anti-inflammatory cell populations (60), but the
plasticity of the myeloid lineage is little understood (61, 62).

https://doi.org/10.4049/immunohorizons.2300013



»
ﬂ . ImmunoHorizons

COCCIDIOIDES FUNGUS EFFECTS ON B-CLL

A ALL COHORTS
1000 1 p < 0.001 . +PBS + SILV Cocci + RS Cocci
[ ]
1000 P =0.65 1000 P= 000§ °, 1000 P < 0.001
S = °
5= 8 ;E\ 100 e 100 o 100 R .
g & E 3 o 10 °
) S 2 o ®
: ¢ 2§ . 02
R - = 1 o
=4 = o= * g0
o= =
° & a$s 011
0.01 0.01 0.01
0.1 1 10 100 0.1 1 10 100 0.1 1 10 100
NEUTROPHIL number
illions/ml,
NEUTROPHIL number (millions/mi)
(millions/ml)
B ALL COHORTS
1000 | p < 0.001 . + PBS + SILV Cocci + RS Cocci
- L]
10901 p=0.068 10%%7p<0.001 Lo * " P=0.064
g = E = 100 o 100 ° 100 .
g ° 8
E % £ 3 0 0
c S c S O
- 9 | 2 1 1 ) »
o= o s e "% .,
g S z & 01 0.1 .
0.01 = 0.01 0.01
001 0. 1 10 001 041 1 10 001 0.4 1 10
0.01 ; ‘ :
0.01 0.1 1 10 MO number
MO number (millions/ml)
(millions/ml)
C ALL COHORTS
1000 | p =018 .* + PBS + SILV cocci + RS Cocci
10001 p = 0.003 1000 10001 p = 0,857
s = 3 = 100 °
2 E -g '\E o .o.
£ ¥ 0wl
£ 5 €3 s
S a = 1 e
4 = O = o %
o E 0 E o
é ~ m >~ 0.1 °
0.01
1 10 100 0.1 1 10 100

T CELL number
(millions/ml)

T CELL number
(millions/ml)

343

FIGURE 7. CD5*/B220"" (preleukemic and leukemic) cell levels in blood are linked to the frequency of other blood leukocyte populations in a

cohort-specific manner.

(A-C) Frequency of CD5%/B220'°" B cells detected in individual mice at any one blood sampling was plotted against the respective frequency of
either (A) neutrophils, (B) monocytes, or (C) T cells. Dot plots and accompanying linear regression lines are shown for pooled mice and mice
of each experimental cohort. Values represent data from sequential monthly blood analyses, beginning at 5-6 mo to survival endpoint. In the case
of monocytes, fewer mice of each cohort were measured at 5-6 mo. The p values for each linear regression analysis are shown, with those reach-

ing statistical significance (p < 0.05) in bold.

Because nonclassical (patrolling or anti-inflammatory) monocytes/
macrophages (M2 cells) are reported to play a key role in B-CLL
development (63, 64), we examined both nonclassical M2 mono-
cytes and classical M1 monocytes within blood samples from
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the experiment’s cohorts. Using correlative analyses, we tested

whether B-CLL growth is linked to subpopulation frequency.
Fig. 8A shows the Ly6C-based gating strategy (65-67) used

to segregate M1 (Ly6C"®") or M2 (Ly6C~) subsets within
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circulating monocytes (CD45", CD11b™8® Ly6G™). Boxplots
within Fig. 8B, and accompanying statistics within its legend,
show that neither M1 nor M2 monocyte numbers differed sig-
nificantly in Coccidioides-treated mice versus control TCL1-Tg
mice. Furthermore, in all cohorts, M2 levels exceeded M1 levels
(p < 0.001) (Fig. 8B). A high M2/M1 monocyte ratio was ear-
lier associated with the presence of the TCLI transgene (63);
this was confirmed by comparisons of our TCL1-Tg mice with
similarly aged, non-Tg C57BL/6 mice (Supplemental Fig. 3).
Whereas 12-mo-old normal C57BL/6 mice (n = 3) had an M2/M1
ratio of 0.95 * 0.1 (mean * SD), the M2/M1 ratios in TCL1-Tg
mice were 2.96 * 1.88, 2.35 = 0.43, and 2.1 = 2.45 for the PBS,
SILV, and RS cohorts, respectively. The heightened M2/M1 ratio
appears to be tumor driven (68, 69).

Linear regression analyses were again employed to examine
whether M1 or M2 monocyte frequency was linked to B-CLL
numbers in blood (Fig. 8C). Of interest, in all experimental co-
horts, a highly significant positive relationship was noted be-
tween levels of classical M1 cells and abundance of CD5"/
B220"°" B cells (p = 0.002). However, a significant correla-
tion between nonclassical M2 cells and CD5" /B220'°" B cells
(p = 0.047 and p = 0.045, respectively) was observed only in
the PBS control- and SILV-treated cohorts.

Table I summarizes the statistically significant relationships
noted above. Neutrophil numbers were positively correlated
with CD5"/B220'°" B cell frequencies only in Coccidioides-
exposed mice (both SILV and RS). Numbers of CD5 " /B220"°% B
cells and classical M1 monocytes were highly correlated within
all three cohorts; however, levels of circulating nonclassical M2
monocytes and total T cells were correlated with levels of
preleukemic/leukemic B cells only within the control and
SILV-exposed cohorts.

Relationship between CD5" /B220"” B cell frequency in
blood and enlargement of peripheral lymphoid tissues
B-CLL clones proliferate within peripheral lymphoid tissues,
particularly LNs and spleen (33, 70, 71). These insights prompted
us to examine whether the frequency of CD5" /B220"°" B cells,
in blood taken just prior to a survival endpoint, correlated with
hypertrophy of spleen, lung-draining thoracic LNs, and/or
non-lung-draining inguinal LNs seen at necropsy. Thoracic
LNs were of particular interest given that many are lung
draining and hence should be influenced by inhaled microbes
(72). Furthermore, thoracic LN enlargement is characteristic
of Coccidioides infection in humans (73).

The plots in Fig. 9 summarize our findings. For each necrop-
sied mouse, CD5" /B220"°" B cell frequency in the last acquired
blood sample is plotted against spleen length (Fig. 9A), relative
thoracic LN enlargement (Fig. 9B), and relative enlargement of in-
guinal LNs (Fig. 9C). Linear regression analyses revealed only one
statistically significant positive relationship; surprisingly, this is
between blood CD5* /B220"°" B cell numbers and enlargement of
inguinal LNs in RS-treated mice (p = 0.03) (Fig. 9C). In SILV-
treated mice, positive trend lines toward increased CD5 " /B220'"
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B cell numbers with greater spleen and thoracic LN enlargement
are noted, but without statistical significance.

As a further analysis, we compared the relative enlargement
of lymphatic tissues in each Coccidioides-treated cohort with
that seen in the control cohort (Fig. 9). This comparison re-
vealed that RS-treated mice exhibit significantly greater inguinal
LN size, as compared with controls (p = 0.001 by a two-sided,
unpaired t test), whereas SILV-treated mice exhibit a signifi-
cantly lower inguinal LN size versus control mice (p = 0.01). A
SILV-associated enlargement of thoracic LNs, as compared with
controls, is of borderline statistical significance (p = 0.09).

DISCUSSION

In the current study, evidence emerged that chronic microbial in-
fection can impact B-CLL development in complex ways. Re-
peated lung insult with fixed Coccidioides arthroconidia influenced
B-CLL development in TCL1-Tg mice, but unexpectedly, in a fun-
gal strain-dependent manner. Following chronic exposure to
C. posadasii (SILV strain) arthroconidia, a fraction of treated mice
manifested accelerated emergence of B-CLL and/or transition into
overt B-CLL, and more rapid death as compared with control
mice. In contrast, mice exposed to C. immitis (RS strain) dis-
played less aggressive B-CLL development. This was manifested
by significantly delayed transition to overt B-CLL, as compared
with C. posadasii-treated mice, and by slower leukemic cell DTs
and significantly prolonged survival, as compared with either
PBS- or C. posadasii-treated mice. As in earlier studies with
TCL1-Tg mice (74-76), each cohort showed considerable vari-
ability in the time of B-CLL diagnosis, suggesting that environ-
mental factors influence development, not simply genetics.

The premise that an altered milieu for B-CLL growth contrib-
utes to the differing outcomes is supported by statistical correla-
tions found between blood frequencies of CD5"B220"% B cells
and potential accessory leukocytes. Neutrophils are strongly linked
to CD5"B220'" B cell frequency in mice exposed to either Cocci-
dioides species, but not in control mice. Furthermore, whereas M1
monocyte levels are linked to B-CLL growth in all three cohorts,
M2 monocyte levels are positively correlated with leukemic cell
abundance in C. posadasii-exposed and control mice, but not in
C. immitis—treated mice. Finally, frequencies of blood T cells and
CD5" /B220"" B cells are linked in C. posadasii-treated and con-
trol mice, but not in C. immitis-treated mice. The present findings,
together with past observations that mouse lungs acutely exposed
to C. posadasii or C. immitis exhibit a distinct inflammatory protein
profile (51), support the hypothesis that differences in B-CLL
growth within C. posadasii- and C. immitis-treated TCL1-Tg mice
may reflect diverse immunomodulatory effects of these two Cocci-
dioides species.

To our knowledge, this study represents the first experi-
mental effort to examine whether fungi, ubiquitous in our envi-
ronment, affect in vivo B-CLL development. Although diverse
geographical settings vary in the predominant fungal popula-
tions present (46, 49), Coccidioides is a common airborne fungus
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FIGURE 8. Circulating levels of CD5*/B220'°" B cells are significantly correlated with the frequency of inflammatory (M1) and anti-inflammatory
(M2) monocyte subsets in a cohort-specific manner.

(A) Gating strategy for segregating classical, inflammatory (M1) monocytes and nonclassical, anti-inflammatory (patrolling) (M2) monocytes. M1 cells
represent monocytes (CD45"/Ly6G~/CD11b"9"/SSC'*%) that are gated as Ly6C™". M2 cells represent monocytes gated as Ly6C~. Note that
monocytes bearing intermediate levels of Ly6C, thought to represent transitional monocytes (64, 65), are not considered. (B) Boxplots showing M1
and M2 cell frequencies in pooled monthly bleeds from control TCL1-Tg mice and similar blood samples from SILV-treated and RS-treated cohorts
(PBS cohort, n = 13 mice represented with 34 samplings during 6-13 mo; SILV cohort, n = 7 mice, with 16 samplings during 7-12 mo; RS cohort,
n = 8 mice, with 35 samplings during 7-14 mo). Note that in this plot closed symbols represent outliers from the boxplot analysis. Comparison of
M1 levels (or M2 levels) between the three cohorts by Kruskal-Wallis one-way ANOVA on ranks showed no statistically significant intercohort dif-
ferences. However, within each cohort the frequency of M2 cells was significantly greater than the corresponding frequency of M1 cells (p < 0.001
by paired, two-sided t test). See Supplemental Fig. 3 for comparisons to normal aged C57BL/6 mice. (C) Frequency of CD5"B220°" B cells is plot-
ted against frequency of M1 cells (left column) or M2 cells (right column). The p values from each linear regression analysis are shown, with those
reaching statistical significance (p < 0.05) shown in bold. SSC, side scatter.

in arid regions of the United States. Of interest, an earlier clini-
cal report involving Arizona B-CLL patients noted significantly
diminished survival in patients infected with C. posadasii (77).
However, it remains unclear whether the accelerated patient
deaths reflected 1) impaired resolution of the fungal infection
due to well-recognized leukemia-induced immunosuppression
(78-80) and/or 2) enhanced B-CLL growth from stimuli associ-
ated with the fungal infection.

https://doi.org/10.4049/immunohorizons.2300013

The use of formalin-fixed arthroconidia in the current study
warrants some discussion. This strategy was deemed necessary
due to the uniformly lethal consequences of viable Coccidioides
infection in mice, particularly in the C57BL/6 strain (81-83).
Although not fully mimicking natural infection, this approach
yields results unobscured by untoward effects of virulent fungal
infection, as in the above-cited clinical study (77). We note that
most Coccidioides-encoded molecules are shared by the various
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TABLE I. Summary of statistically significant links between leuke-
mic and accessory cell frequencies in blood

M1 M2
Neutrophils Monocytes Monocytes T Cells
PBS - + + +
SILV (C. posadasii) + + + +
RS (C. immitis) + + — -

morphologies exhibited by the fungus (84), and these contribute
to inflammatory properties (37). One such shared molecule is
B-glucan, a PAMP that engages lectin receptors on immune sys-
tem cells (85). Dectin-1, a major receptor for fungal B-glucan, is
highly expressed on monocytes, macrophages, neutrophils, and
dendritic cells (86), present on B cells of C57BL/6 mice (87), and
important in Coccidioides immunity (88-90). Additionally, both ar-
throconidia and spherules express TLR9-stimulating CpG DNA,
which should stimulate B cells upon arthroconidia internalization
(91-93). One issue that remains unresolved is whether the differ-
ences noted are representative of all C. posadasii and C. immitis
isolates or are strain specific. This will require further investiga-
tion with additional lines from each species.

The observation that only a subset of C. posadasii-exposed
mice manifests accelerated B-CLL development suggests a sto-
chastic process. One explanation is that chronic C. posadasii ex-
posure, beginning at 1 mo of age, facilitated a faster accrual of
driver mutations through fostering a milieu for B cell mutagene-
sis. The latter could be engendered by oxygen and nitrogen spe-
cies emanating from neutrophils or inflammatory M1 cells (94)
and/or heightened expression of mutagenic activation-induced
cytosine deaminase (AICDA/AID) in activated B-1 cells. Impor-
tantly, AICDA is implicated in B-CLL development (95-99), and
molecules elaborated by monocytes, neutrophils, and T cells play
critical roles in fostering AICDA expression in normal B cells
(100, 101). An alternative explanation for the accelerated emer-
gence of B-CLL within certain SILV-treated mice is the presence
of an unusually supportive growth milieu. The latter explanation
seems less tenable because the DT of these B-CLLs, while short,
was not notably different from many later-appearing B-CLLs.

The C. immitis (RS)-treated cohort was the first to uniformly
manifest MBL. Thus, it was surprising that B-CLL diagnosis in
the latter was often delayed due to waxing and waning levels of
circulating CD57B220"°Y B cells. Furthermore, B-CLL in RS-
treated mice had the slowest DT, and in two of five mice (40%),
clonal contraction was apparent with increased age. Similar de-
clines in leukemic cell numbers have been observed in untreated
patients and can reflect diminished leukemic cell “birth rate” as
well as increased “death rate” (102, 103). A prolonged leukemia
DT and clonal contraction are associated with extended survival,
as noted in the current study in RS-treated mice. All of the above
observations point to suboptimal growth conditions and/or aug-
mented leukemic cell death in RS-treated mice.

Numerous malignancies rely on accessory cells for growth, and
this appears particularly so for B-CLL (69). Notably, in this study,
we observed that frequency of circulating CD5" /B220"°" B cells
was highly linked to neutrophil numbers in both Coccidioides-
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exposed cohorts, but not in the control cohort. Other studies have
found neutrophil numbers elevated in B-CLL-bearing patients
and mice (104-106), but the current study is the first to show a
direct role of infectious agents, to our knowledge. This finding
is consistent with strong neutrophil-mobilizing properties of
Coccidioides (37) and evidence that B-glucan-stimulated B cells
release neutrophil-attracting chemokines (107). Whether B-CLL
cells function similarly to normal B cells upon encounter with
fungal B-glucan requires further study. The recent report that
neutrophil depletion in TCL1-Tg mice impairs B-CLL growth in
spleens (106) emphasizes the B-CLL-promoting function of this
myeloid population.

Coccidioides-elicited neutrophils might foster MBL and later B-
CLL through the release of neutrophil extracellular traps (NETs)
with abundant TLR9-activating DNA (108). Supporting this pre-
mise is evidence that NETs directly activate self-reactive memory
B cells (109) and enhance survival of B-CLL cells (110); further-
more, neutrophils from B-CLL patients appear particularly ef-
fective at releasing NETs (110). Additionally, BAFF and APRIL
production from a subset of neutrophils (106) may be relevant.
Both TNF family members augment B cell viability, growth, and
mutagenic AICDA (100, 101, 111-113). Furthermore, when over-
expressed in mice, BAFF and APRIL enhance B-1 cell leukemo-
genesis (35, 114).

Of additional interest was the observation that numbers of
nonclassical M2 monocytes and CD5"/B220"°% B cells were
significantly linked in C. posadasii- and PBS-treated control co-
horts, but not in C. immitis-treated mice. This finding is consis-
tent with the demonstrated importance of M2 cells for B-CLL
development (62, 115) and suggests that M2 cell function is im-
paired in mice exposed to C. immitis.

Notably, in both Coccidioides-treated cohorts and the control
cohort, the frequency of CD5"/B220"°% B cells was significantly
linked to classical M1 monocyte levels. This might appear counter-
intuitive, given strong evidence that nonclassical M2 cells are criti-
cal for B-CLL growth (63, 115). Nonetheless, the relevance of M1
cells becomes apparent when stepwise monocyte development
is considered. Within bone marrow, premonocyte progenitors dif-
ferentiate directly into classical M1 cells (Lyéhigh) (116-118). The
latter are retained within the bone marrow, via a mechanism in-
volving CXCR4, until inflammatory stimuli prompt their CCL2-
mediated release (119, 120). Once in circulation, classical M1 mono-
cytes are relatively short-lived (116). They either are recruited into
inflamed tissues, becoming inflammatory M1 monocytes/macro-
phages (119) (which can sometimes evolve into anti-inflammatory
M2 cells [121)), or they differentiate into longer-lived nonclassical
M2 monocytes (Ly61°“§ that patrol endothelium (116, 122, 123).
Thus, the significant correlation found in the current study be-
tween the frequency of blood M1 cells and CD5"B220"°" B cells
may represent the important precursor role of classical M1
monocytes for the M2 population that directly influences B-CLL
development. Consistent with the present link between levels of
circulating M1 cells and CD5%B220"°% B cells, an earlier report
showed that both classical M1 and nonclassical M2 monocytes are
elevated in TCL1-Tg mice, as compared with control mice (115).
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FIGURE 9. Relationship between CD5*/B220'°" B cell frequency and lymphoid tissue enlargement.

Linear regression analyses were employed for assessing whether the abundance of CD5"/B220'°" B cells within the last blood sample obtained was statisti-
cally linked to enlargement of lymphatic tissues seen at necropsy. Spleen size was determined by assessing length (centimeters). Thoracic and inguinal LN
enlargement was assessed subjectively and scored, as described in Materials and Methods. (A) Spleen. Shown are dot plots and linear regression lines com-
paring CD5"/B220'°* B cell number and spleen size (centimeter length) (left to right) within the cohort pool, and control, SILV-treated, or RS-treated indi-
vidual cohorts. No statistically significant relationship between these parameters was noted in any cohort. Values below each cohort plot represent spleen
size in centimeters (mean = SD) as well as p values from a statistical comparison of spleen size within the control cohort and each Coccidioides-treated co-
hort, employing either a parametric t test or nonparametric Mann—Whitney rank-sum test. No significant difference from control mice was noted. (B) Tho-
racic LNs. A similar analysis with thoracic LNs revealed no statistically significant relationship between CD5*/B220'°" B cell numbers and relative thoracic
LN enlargement in any cohort. However, when thoracic LN size within the control cohort was compared with that of the Coccidioides-treated cohorts, the
greater size within SILV-treated mice (enlargement score of 2.56 versus 1.38 in control mice) approached statistical significance (p = 0.09). (C) Inguinal LNs.
By linear regression analysis, a statistically significant relationship was noted between CD5"/B220'°" B cell numbers and relative inguinal LN enlargement in
RS-treated mice (p = 0.03), but not other cohorts. Values below each plot reveal that inguinal LN enlargement scores within both the SILV-treated and the
RS-treated cohorts were statistically greater than those in the control cohort (p = 0.01 and p = 0.0001, respectively). Of note, necropsy was not performed
in 2 of 14 total PBS-treated mice (E12-F1 and E12-F2) and in 1 of 8 total SILV-treated mice (E6-F1) due to body deterioration after unanticipated death.
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In addition, frequencies of both the M1 and M2 populations were
elevated in blood of B-CLL patients versus control individuals
(57). Recently, a clinical study found that an inflammatory blood
monocyte profile was strongly associated with the B-CLL precur-
sor state, MBL, but less apparent as patients progressed to frank
B-CLL (124). Thus, the proportion of these subpopulations may
change as leukemia progresses.

Extensive studies in both humans and mice indicate that circu-
lating levels of both CD8" and CD4™ T cells rise in B-CLL (re-
viewed in Ref. 125), yet there is considerable ambiguity concerning
whether T cells have a major growth-fostering role (115, 125, 126).
Genetic ablation of CD40-L fails to affect B-CLL development, sug-
gesting that CD40 signals are not necessary in this setting (115, 126).
Nonetheless, activated T cells could positively influence B-CLL pro-
gression through synthesis of growth-promoting cytokines (115) or,
alternatively, immunosuppressive IL-10 (115, 127, 128). Although
CD8™ T cells are expanded in B-CLL (125, 129-131), these potential
tumor-suppressive cells are dysfunctional, and leukemia
cell-elaborated IL-10 is at least in part responsible (127).

Although speculative, it warrants considering why the
C. immitis-treated cohort was unique in not manifesting a link
between circulating T cell and CD5"/B220'°% B cell frequen-
cies. Of potential relevance is the past observation that IL-10
levels were significantly lower within lungs of normal mice
acutely exposed to C. immitis versus C. posadasii arthroconidia
(51). Possibly, C. immitis elicits mechanisms to dampen IL-10
synthesis and these mitigate the CD8" dysfunction typical of
B-CLL. This hypothesis is consistent with the restrained B-CLL
growth within C. immitis-treated mice as well as the absent
correlation between frequencies of CD5"B220'°" B cells and
T cells. It is also in line with evidence that inguinal LN,
rather than lung-draining thoracic LNs, are significantly en-
larged in C. immitis—treated mice. Possibly, cytotoxic CD8™
T cells are more functional within the latter’s lung-draining
thoracic LNs, curtailing B-CLL growth within this site. Fur-
ther study is needed to test the validity of this hypothesis.

Chronic infections, microbiota, and inflammation are impli-
cated in cancers, including hematological malignancies (132-138).
Nonetheless, microbiome studies show that certain microbes are
anti-inflammatory and counteract a variety of immune-related
disorders (reviewed in Ref. 139) and/or are linked to better sur-
vival during malignancy (135). Expanded characterization of the
infectious agents able to amplify or suppress B-CLL development
should lead to enhanced clinical intervention and improved sur-
vival of our aging population.
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