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A GENETIC MODEL OF NEUTROPHIL DEFICIENCY
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FIGURE 5. Mcl1*M¥*° mice are highly susceptible to bacterial and fungal infections. (A—C) Survival curves (A) or analysis of the bacterial burden from
the indicated tissues (B and C) of wild type (WT) and Mcl1*™¥*!° mice following i.p. injection with 2 X 107 (A) or 107 (B and C) S. aureus bacteria. (D and E)

Survival curves (D) or analysis of the fungal burden from the indicated tissues (E) of WT and Mcl

1AMyele mice following i.v. injection with 10° C. albicans.

Survival curves show the data of 16 (A) or 19-22 (D) mice per group from three independent experiments. Bar graphs show mean and SEM from 9 to 10
(B and C) or 10 to 11 (E) mice per group from three (B and C) or four (E) independent experiments.

Taken together, our results indicate that although the Mcl/ APMN
mutation leads to severe and specific neutropenia, the poor and
fragile health status, limited survival and fertility, and non-
homozygous nature of those animals makes them hardly suitable
for larger-scale in vivo experiments.

Partial neutropenia in G-CSF receptor—deficient mice

We have also tested G-CSF receptor—deficient (Csf3r'") mice
(20) as a reference neutropenic mouse strain. Csf3r7/7 mice
showed only partial neutropenia (p = 1.1 X 10~*; Supplemental
Fig. 4A, 4B), which was not nearly as severe and consistent as in
MclI*™°° or Mcl1*™N animals (Figs. 1, 7). Similar to the
MclI*™e° and Mcl7*™N mutations, the Csf3r '~ mutation did
not affect other circulating leukocyte populations either
(Supplemental Fig. 4C, 4D). Although the survival of Csf3r '~
mice was not substantially reduced, we also had difficulties
breeding Csf3r '~ mice in homozygous form (data not shown).
Those results indicate severe limitations of the Csf3r '~ mutation
as a neutropenia model.

Discussion
Our results indicate that Mc! mice lacking Mcl-1 in the
myeloid lineage are severely neutropenic but survive and breed in
homozygous form. Those mice may, therefore, be highly useful in
analyzing the role of neutrophils in in vivo processes in health and
disease. Our results also indicate that mice are able to survive
almost normally when the circulating neutrophil numbers are re-
duced to <2% of their normal values, necessitating the re-
evaluation of the role of neutrophils in rodent survival.
Currently available tools for reducing neutrophil numbers have
substantial limitations. Although Ab-mediated depletion (e.g., by
the RB6-8C5 or NIMP-R14 anti-Gr1 or the 1A8 anti-Ly6G Abs)
has clear benefits, such as easy availability and suitability to be

1 AMyelo

used on transgenic strains without breeding delay, it suffers from
limited specificity (especially when using anti-Grl Abs), very high
reagent costs, and the temporary nature of the depletion. Prior
reports of neutropenic mice (16-21) also revealed phenotypes that
strongly limit their use as in vivo neutropenia models. Besides
severe neutropenia, Gfil-deficient mice also show various defects
in the T and B cell compartment and have a median survival time
of ~8-10 wk (16, 17), in line with the severe neutropenia
and lymphocyte defects caused by dominant negative GFII muta-
tions in human patients (46). The so-called “Genista” mice carrying
a chemically induced Gfil mutation show incomplete neutrophil
deficiency and are only partially protected in a neutrophil-dependent
in vivo inflammation model (18). Mice lacking G-CSF (19) or the
G-CSF receptor (20) are only moderately neutropenic (see also
Supplemental Fig. 4), and the latter strain also shows breeding de-
fects (data not shown). Deficiency of the Foxo3A transcription factor
causes accelerated neutrophil apoptosis at the site of inflammation
but does not affect circulating neutrophil numbers (21). In contrast to
those genetic and pharmacological models, the MclI*™®° mice
show consistent, severe, and fairly specific neutropenia and survive
and breed in homozygous form, making them quite useful as an
in vivo neutropenia model.

The specificity of reduced neutrophil numbers in Mcl]AMYe°
mice is due to two factors: the deletion of the antiapoptotic Mcl-1
protein in the entire myeloid lineage (including macrophages) and
the specific requirement for Mcl-1 for the survival of neutrophils
but not of the cells of the monocyte/macrophage lineage (24, 47).
This is also indicated by the normal number and overall ap-
pearance of macrophages differentiated from MclIAMe° bone
marrow cells, despite effective deletion of the MclI™* allele
(Supplemental Fig. 2G, 2H). We have also tested Mcl/ APMN mice
in which Mcll deletion is achieved by the MRPS-Cre transgene,
which is more specific for neutrophils than the Lyz2°™ knock-in
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FIGURE 6. Neutrophil deficiency and autoantibody-induced arthritis in Mcl14M¥¢° bone marrow chimeras. (A) Number of circulating neutrophils
(CD11b*Ly6G*Siglec-F~ cells) of wild type (WT) or Mcll AMyelo bone marrow chimeras by flow cytometry. (B and C) Analysis of the clinical score (B) and
ankle thickness (C) of WT and MclI*™¥®'° bone marrow chimeras injected with control (BXN) or arthritic (K/BXN) serum on day 0. (D) Representative
flow cytometric analysis of donor marker (CD45.2) expression in circulating neutrophils (Ly6G* gate) from intact (nonchimeric) mice of the
CD45.1-expressing recipient strain as well as from wild type (WT) or Mcl1*M¥*° bone marrow chimeras. A representative histogram from a large number
of experiments is shown. Quantitative data show mean and SEM from 17 chimeras (A) or from eight control and nine arthritic serum—treated chimeras per

group from two (A) or three (B and C) independent experiments.

mutant (45). Although the MclI*™N mutations also strongly re-
duced circulating neutrophil counts and appeared to be specific
over several other leukocyte lineages (Fig. 7), the limited sur-
vival and poor breeding of those mice make them very difficult
to use as an in vivo neutropenia model. Although it is at present
unclear why the MclI*™®° and Mcl1*™N mice have different
survival and breeding characteristics, one of the possible ex-
planations is that the remaining ~2% of neutrophils in
Mcl1*™°1° mice is sufficient to control the commensal flora,
whereas the ~1% of remaining neutrophils in the Mcl]APMN
mutants is below the threshold of neutrophil levels required for
normal survival. It would theoretically also be possible that the
survival of the MclI1*™¥°!° mice is due to some genetic drift in
our mouse colony, although our heterozygous breeding strategy
argues against that possibility. Understanding the exact reason
for the different survival of MclI*™¥"° and Mcl1*"™N mice
would require substantial additional experiments, including
detailed apoptosis and in vitro progenitor differentiation/
proliferation assays.

Although the MclI*™*!° mutation causes severe neutropenia
both in the peripheral blood and in various tissues (Figs. 1, 2), it is
at present not entirely clear at which stage the mutation interferes
with neutrophil development and/or survival. The fact that the
number of Ly6G™¥%™ cells in the bone marrow is not reduced
(Supplemental Fig. 2B) suggests that the MclI1*™¥*"° mutation
affects cells in the latest stage of neutrophil development. This is
also supported by the fact that HoxB8-transduced myeloid pro-
genitors were unable to engraft the bone marrow of MclJAMYel°
mice (A.O. and A.M., unpublished observations), suggesting that
the myeloid progenitor niche is preoccupied by endogenous cells
in those animals.

Although the Mcl1*™¥*'° mutation proved to be fairly specific for
neutrophils, we have consistently observed reduced B lineage cell

numbers in the bone marrow of MclI*™"° mice (Fig. 2B). The
relevance of this finding is at present unclear, especially given
the normal circulating (Fig. 1E) and splenic (Fig. 2D) B cell
counts. More detailed analysis of the B cell compartment
(Supplemental Fig. 2C, 2D) has revealed that even recirculating
B cell numbers are reduced in the bone marrow of MclI*M¥el°
animals, suggesting disturbance of the bone marrow B cell niche.
Alternatively, this observation may be due to the expression of
LysM in the early B cell lineage as indicated by the ImmGen
database (www.immgen.org). It should also be noted that more
splenic macrophages (Supplemental Fig. 2F) were observed in
MclI*™*° mice, which likely reflects splenomegaly in those
animals.

To our knowledge, this is the first detailed characterization and
validation of the MclI*™*!° mice as a suitable experimental
neutropenia model. In particular, our study provides the most
detailed lineage analysis of those animals, reports large-scale as-
sessment of their survival and fertility, and validates the mutant
mice on known neutrophil-dependent in vivo inflammation and
infection models. To our knowledge, we also provide the first
detailed analysis of Mcl1*™™ mice and a side-by-side compari-
son of the MclI®™®° MciI*®™™N  and Csf3r7/7 mutants. It
should, nevertheless, be noted that we have already used the
MclI*™*®° model in the recent past to test the role of neutrophils
in various disease models, such as graft-versus-host disease (48),
contact hypersensitivity (35), gout (49), and experimental lupus
(50). All those reports and further ongoing studies have confirmed
the usefulness of this model for the in vivo analysis of neutrophil
function.

Taken together, our results indicate that the unique combination
of severe and fairly specific neutropenia, mostly normal survival,
and capability for breeding in homozygous form make the
Mcl1*™*°° mutation highly suitable for the analysis of the role
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FIGURE 7. Neutrophil-specific deletion of Mcl-1 leads to neutrophil deficiency with survival and breeding defects. (A) Flow cytometric histo-
grams of Ly6G staining of wild type (WT) and MclI**™N mouse peripheral blood leukocytes. (B) Quantitative analysis of the number of mature
neutrophils (CD11b*Ly6G*Siglec-F cells) in WT and MclI*™N mice. Flow cytometric profiles (C) and quantitative analysis (D) of other leukocyte
populations (red, neutrophils; green, monocytes; blue, eosinophils; magenta, B cells; orange, T cells). Flow cytometric histograms (E) and
quantitative analysis (F) of monocyte subpopulations. (G) Survival of WT and MclI*™N mice under specific pathogen-free conditions. (H)
Breeding behavior of WT and Mcl1*™N mice. Flow cytometry dot plots and histograms are representative of and quantitative data show mean and
SEM from, 10-22 (A-D) or 8-14 (E and F) mice per group from four (A-D) or three (E and F) independent experiments. Survival curves (G) show the
data of 138—469 mice per genotype. Eighty-six breeding pairs were used for the analysis of breeding behavior (H).

of neutrophils in in vivo models of normal and pathological Disclosures
processes in experimental mice. Our results also indicate that The authors have no financial conflicts of interest.
rodents are able to survive and breed when their circulating neu-

trophil counts are dramatically reduced.
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