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Introduction: Alloimmunization is common following platelet transfusion and

can result in negative outcomes for recipients such as refractoriness to

subsequent transfusions and rejection of transplants. Healthy people do not

receive blood transfusions, and the diseases and therapies that result in a need to

transfuse have significant impacts on the immunological environment to which

these alloantigens are introduced. Ablative chemotherapies are common among

platelet recipients and have potent immunological effects. In this study, we

modeled the impact of chemotherapy on the alloresponse to platelet

transfusion. As chemotherapies are generally regarded as immunosuppressive,

we hypothesized that that they would result in a diminished alloresponse.

Methods: Mice were given a combination chemotherapeutic treatment of

cytarabine and doxorubicin followed by transfusion of allogeneic platelets, and

compared to controls given no treatment, chemotherapy alone, or transfusion

alone. Alloantibody responses were measured 2 weeks after transfusion, and

cellular responses and growth factors were monitored over time.

Results: Contrary to our hypothesis, we found that chemotherapy led to

increased alloantibody responses to allogeneic platelet transfusion. This

enhanced response was antigen-specific and was associated with increased

CD4+ and CD8+ T cell responses. Chemotherapy led to rapid lymphocyte

depletion followed by reconstitution, non-specific activation of transitional B

cells with the highest levels of activation in the least mature subsets, and

increased serum levels of B cell activating factor (BAFF).

Conclusion: These data suggest that ablative chemotherapy can increase the risk

of alloimmunization and, if confirmed clinically, that additional measures to

protect these patient populations may be warranted.
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1 Introduction

Allogeneic transfusion, while commonplace, represents a major

immunological event, potentially exposing the recipient to a range of

foreign antigens. Many platelet recipients become alloimmunized,

commonly against donor major histocompatibility complex (MHC)

antigens, with significant potential consequences such as platelet

refractoriness and transplant rejection (1–6). Measured frequencies

of anti-MHC alloimmunization vary widely between studies with

estimates ranging from 7-55% (1, 7–14).

Several factors may contribute to this wide range in measured

frequencies of alloimmunization. While much progress has been

made on reducing the immunogenicity of platelet products through

modern blood-banking practices such as leukoreduction and using

crossmatched or human leukocyte antigen (HLA) matched platelets

in refractory recipients, little focus has been given to the

immunological environment of the recipient. Healthy individuals

are not transfused, and the diseases and treatments that necessitate

transfusion also impact host immunity, often in significant ways.

Approximately 44% of hospital platelet usage within the United

States is within Hematology/Oncology/Bone Marrow Transplant

services (15), and many of these recipients receive ablative

chemotherapies. These therapies can deplete both platelets and

lymphocytes, generating both a need for allogeneic transfusion and

an altered immune setting to which these alloantigens are

introduced (16–20). Evaluating the contribution of these therapies

to platelet alloimmunization clinically is challenging as many

factors that contribute to the alloresponse such as platelet dosing,

types of platelet products used, and underlying disease, are

interconnected. Animal models offer the opportunity to dissect

these variables under defined and controlled conditions.

Ablative therapies such as chemotherapy and radiation are

generally thought of as immunosuppressive, wiping out portions

of the immune system, and rendering recipients more vulnerable to

infection (21). Following ablation, homeostatic regulation of the

immune system during recovery can further alter immunity,

creating circumstances for robust, albeit dysregulated, immune

responses. Reductions in cytokine consumption can result in

increased levels of circulating homeostatic growth factors

available to remaining lymphocytes (22, 23). Early T cell

reconstitution is dominated by remaining mature T cells rather

than thymopoiesis (22, 24), which in the presence of foreign antigen

can result in over-expansion of antigen-specific T cells (25, 26).

Initial B cell reconstitution is dominated by transitional B cell

subsets (T1, T2, and T3) (27–29). These cells have not been

subjected to the same degree of negative selection as their more

mature counterparts, and they respond differently to B cell receptor

(BCR) signaling than mature B cells (28–31). These competing

forces of ablation and permissive expansion could have a profound

impact on the immune response to allogeneic transfusion.

In this study, we utilized a murine model to assess the

contribution of ablative chemotherapy on the immune response

to allogeneic platelet transfusion, hypothesizing that this

immunological environment would suppress the alloantibody

response. Utilizing an acute myeloid leukemia (AML)
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chemotherapy model developed by Zuber et al. (32), combined

with our own model of platelet alloimmunization (33–37), we have

determined the impacts of ablative chemotherapy on

alloimmunization outcomes and the immune environment at the

time of transfusion.
2 Materials and methods

2.1 Mice

C57Bl/6J female mice, between 2-3 months old were used as

recipients, and a mixture of male and female BALB/cJ mice between

2-6 months were used as donors. Mice were purchased from The

Jackson Laboratory and maintained under barrier conditions in a

specific-pathogen-free vivarium at Vitalant Research Institute. All

studies were conducted with approval and oversight by the

Institutional Animal Care and Use Committee at Labcorp Early

Development Laboratories Inc. (San Carlos, CA) under Animal

Welfare Assurance A3367-01. The recommendations in the Guide

for the Care and Use of Laboratory Animals of the National

Institutes of Health were followed for animal husbandry. Mice

were housed in sterile, single-use microisolator cages containing

either corn-cob or Alpha-Dri bedding (Innovive Inc.). Mice were

given free access to sterile-filtered, acidified water (Innovive Inc.),

and sterile, irradiated Teklad Global 19% protein diet (Envigo).

Cages were enriched with autoclaved cotton Neslets (Ancare Corp.)

and GLP-certified Bio-Huts (Bio-Serv).
2.2 Chemotherapy and transfusion

Chemotherapy was administered via intraperitoneal injection

and included 100mg/kg cytarabine (Covetrus) + 3mg/kg

doxorubicin (Fisher BioReagents) daily for 3 days (days 0-2)

followed by 2 additional days of 100mg/kg cytarabine alone (days

3-4) as described by Zuber et al. (32) Non-leukoreduced platelet

rich plasma (PRP) was prepared from fresh BALB/cJ donors as

previously described (34), producing PRP with mean platelet counts

of 4.40x108/mL (4.40x107/transfusion) and mean white blood cell

counts of 5.24x106/mL (5.24x105/transfusion). 100mL of prepared

PRP was administered intravenously on day 7.
2.3 Sample collection

Non-terminal whole blood samples for complete blood counts

(CBC) were collected via tail clip into 20mL Minivette POCT K3

EDTA tubes (Sarstedt). Terminal blood samples for measurement

of antibodies and cytokines were collected via orbital enucleation,

allowed to clot for 20-30 minutes, then separated by centrifugation,

with serum aliquoted and stored at -80°C. Spleens were processed

by mincing, straining through 100-mm cell strainer (Becton

Dickinson, BD Falcon), lysis of red blood cells (RBCs), washing,

and counting.
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2.4 Antibody screening

Anti-donor antibodies were measured in the serum of recipient

mice by flow cytometry using BALB/cJ splenic T cells as target cells.

Splenocytes were first incubated with anti-FcR blocking antibody

(2.4G2), washed, then incubated with serum diluted 1:16 in

phosphate buffered saline. Cells were then washed and stained

with antibodies against TCRb (PerCP-Cy5.5, H57-597), B220

(AlexaFluor700, RA3-6B2), Igk (APC-Cy7, RMK-45), IgM (PE-

Cy7, RMM-1), IgG1 (AlexaFluor488, RMG1-1), IgG2b (PE,

RMG2b-1), IgG2a (used here to detect IgG2c as it is cross-

reactive) (APC, RMG2a-62) (Biolegend); IgG3 (BV421, R40-82)

(BD Biosciences), washed, then run on a spectral flow cytometer

(Cytek Aurora), and analyzed with FlowJo (FlowJo, LLC). Cells

were gated on lymphocytes, singlets, then B220-/TCRb+ T cell

events. Median fluorescent intensity for each isotype was

measured within this population.

Total serum antibody levels were measured using the

MILLIPLEX Mouse Immunoglobulin Isotyping Magnetic Bead

Panel (Millipore Sigma), running on the Luminex 200 platform

(Luminex), and analyzing with Bio-Plex Manager (Bio-Rad).

Samples were run in duplicate on lot matched kits according to

manufacturer’s instructions.
2.5 Cytokine screening

Serum was screened for B cell activating factor (BAFF) by

enzyme-linked immunosorbent assay (ELISA) using the Mouse

BAFF/BLyS/TNFSF13B Immunoassay (R&D Systems) according

to manufacturer’s instructions using a 1:20 serum dilution. IL-7 and

IL-15 were measured using the MILLIPLEX MAPMouse Cytokine/

Chemokine Magnetic Bead Panel (Millipore Sigma), and IL-21 with

the MILLIPLEX MAP Mouse TH17 Magnetic Bead Panel

(Millipore Sigma) according to manufacturer’s instructions.
2.6 Cell screening

CBCs were run on the HT-5 (Heska) according to

manufacturer’s instructions. For analysis of splenocytes, cells were

first incubated with anti-FcR blocking antibody (2.4G2), washed,

stained with LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit

(ThermoFisher Scientific), washed, then stained with antibodies

against CD3 (BV785, 145-2C11), CD69 (APC, H1.2F3), CD93 (PE,

AA4.1), CD86 (BV421, GL-1), CD23 (PE-Cy7, B3B4), IgD

(AlexaFluor700, 11-26c.2a), IgM (APC-Cy7, RMM-1),

(Biolegend); CD4 (AlexaFluor532, RM4-5), (eBioscience); CD8a

(BUV395, 53-6.7), CD44 (BB700, IM7), CD45RB (BV605, 16A), H-

2Dd (FITC, 34-3-12), H-2Db (BV480, KH95), CD19 (BUV737,

1D3), IA/IE (BUV805, 2G9), and CD24 (BV711, M1/69), (BD

Biosciences). Cells were washed and fixed, then run on a spectral

flow cytometer (Cytek Aurora), and analyzed with FlowJo (FlowJo,

LLC). Gating is shown in Figure 1. Cells were gated on singlets,

lymphocytes, live cells, then either CD19- to enrich for T cells or

CD3-/CD19+ for B cells. T cells were further gated on CD4+ or
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CD8+ populations, and B cells were gated on mature CD93- or

immature/transitional CD93+ populations. Immature B cells were

subdivided into T1 (CD23-/IgMhi), T2 (CD23+/IgMhi), and T3

(CD23+/IgMlow) populations.
2.7 Statistical analysis

Graphing and analysis were completed using Prism version 9

(GraphPad Software). Unpaired t-tests were used for comparisons

between 2 groups. For comparisons between more than 2 groups,

one-way Analysis of Variance (ANOVA) with Tukey’s post-test for

multiple comparisons was used to compare each group to all

other groups.
3 Results

To evaluate the impact of chemotherapy on the alloresponse to

platelet transfusion, we utilized an existing model of AML

chemotherapy developed by Zuber et al. (32) in combination with

our own model of platelet transfusion alloimmunization (33–37).

C57Bl/6J mice were given cytarabine with doxorubicin for 3 days

(days 0-2) followed by 2 additional days of cytarabine alone (days 3-

4), followed by transfusion of BALB/cJ non-leukoreduced platelets

on day 7 (Figure 2A). Control groups included untreated mice,

those given the chemotherapy protocol alone, or those given the

transfusion alone. Circulating anti-donor antibodies were evaluated

at day 21 (2 weeks after transfusion) by flow cytometry looking at

total allo-antibodies (Igk) or by isotype for IgM, IgG1, IgG2b,

IgG2c, and IgG3. Surprisingly, we found that total anti-donor

antibody levels were significantly higher in mice that were

transfused following chemotherapy compared with transfusion in

the absence of chemotherapy (Figure 2B). These differences were

seen across isotypes with significantly higher levels of IgM and

IgG1, and trends towards higher levels for IgG2b, IgG2c, and IgG3

in the chemotherapy and transfusion group compared to

transfusion alone.

To assess the degree and kinetics of ablation following this

chemotherapy protocol, CBCs were evaluated over time from mice

receiving chemotherapy and transfusion compared with transfusion

alone (Figure 3). The timing of transfusion at day 7 corresponded to

platelet and red blood cell nadir, but lymphocytes were depleted

much earlier and were already in an expansion phase at the time of

allogeneic exposure.

As reestablishment of homeostasis following ablation can

induce a more permissive immunological environment, we next

evaluated the impact of this therapy on the immune environment

around the time of allogeneic exposure. C57Bl/6J mice were given

the same protocol of chemotherapy and transfusion, but sacrificed

at day 5, 7 (prior to transfusion), 10, or 14 (after transfusion) with

splenocytes and serum harvested for evaluation of cellular responses

and soluble growth factors, respectively (Figure 4A). Activation of

CD4+ T cells was assessed by expression of CD44/CD45RB

(Figure 4B) and CD69 (Figure 4C), and activation of CD8+ T

cells was assessed by expression of CD44 (Figure 4D) and CD69
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(Figure 4E). Prior to transfusion, slight decreases were seen in the

background frequency of activated T cells (both CD4 and CD8) in

the chemotherapy group, perhaps due to a greater susceptibility of

already activated lymphocytes to the treatment. Following

transfusion, allogeneic T cell responses were significantly

increased in mice given chemotherapy first compared to

transfusion alone, with significantly higher frequencies of CD44hi/

CD45RBlo CD4+ T cells and CD44hi CD8+ T cells at day 14 (7 days

post-transfusion) and of CD69+ CD8+ T cells at day 10 (3 days

post-transfusion).

The relative frequencies of mature (CD93-/CD24lo) versus

immature/transitional (CD93+/CD24hi) peripheral B cells was

measured, and a disproportionate depletion of the immature B

cells was observed, with partial recovery by day 14 (Figure 5A). This

depletion was observed across all 3 transitional B cell subsets but
Frontiers in Immunology 04
was most pronounced early on within the least mature T1 subset;

T1 depletion resolved by day 14, while more mature T2 and T3

subsets resolved later, consistent with early depletion of precursors

in the bone marrow (Figures 5B–D). Activation of each B cell subset

was evaluated by expression of CD86 and CD69. For mature B cells,

no significant differences in activation were observed with the

exception of a slight decrease in CD86+ B cells at day 5 for the

chemotherapy group, similar to what was observed for T cells

(Figure 6A). In addition, no differences in activation were seen

with the marginal zone or follicular B cell subsets either (data not

shown). In contrast, the immature B cell population showed a high

degree of non-specific activation following chemotherapy across all

time-points, with no further enhancement of this response with the

addition of transfusion, and only a weak response to transfusion

alone (Figure 6B). This non-specific activation was most
B C D

A

FIGURE 1

Flow cytometry gating. (A) Overall population gating is shown. Cells were gated on singlets, lymphocytes, live cells, then either CD3+/CD19- for T
cells or CD3-/CD19+ for B cells. T cells were further gated on CD4+ or CD8+ populations, and B cells were gated on mature CD93-/CD24lo or
immature/transitional CD93+/CD24hi populations. Immature B cells were subdivided into T1, T2, and T3 populations based on CD23/IgM expression.
Sample shown is from the untreated group at day 5. (B) Activation marker gates for CD4+ T cells. Sample shown is from the transfusion only group
at day 14 for the CD44hi/CD45RBlow gate and day 10 for the CD69+ gate. (C) Activation marker gates for CD8+ T cells. Sample shown is from the
transfusion only group at day 14 for the CD44hi gate and day 10 for the CD69+ gate. (D) Activation marker gates for B cells. Sample shown is from
the chemo only group at day 5 gating on immature B cells.
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pronounced within the T1 population (Figure 6C) but was also

observed within the T2 and T3 populations (Figures 6D, E).

Levels of the homeostatic growth factors IL-7, IL-15, IL-21, and

BAFF were measured in the serum. No differences were found in IL-
Frontiers in Immunology 05
7, IL-15, or IL-21, but levels of BAFF were significantly elevated

following chemotherapy with the greatest differences seen at day 5,

and levels gradually reducing over time (Figure 7). Levels were still

elevated at day 14 in the chemotherapy only group, but the
B

A

FIGURE 2

Chemotherapy leads to enhanced alloantibody response to platelet transfusion. (A) C57Bl/6J mice were given either no treatment (n=25) (None), a
5-day course of cytarabine/doxorubicin days 0-4 (n=14) (Chemo), a BALB/cJ platelet transfusion at day 7 (n=25) (Tx), or the chemotherapy on days
0-4 followed by transfusion at day 7 (n=25) (Chemo+Tx). Blood was collected at day 21 and serum was evaluated for donor specific antibodies by
flow cytometry (B) BALB/cJ splenic T cells were used as target cells, and bound antibody was detected with anti-Igk (total allo-antibody) or with
antibodies against specific isotypes (IgM, IgG1, IgG2b, IgG2c, and IgG3). The median fluorescent intensity for each mouse is plotted by isotype, with
error bars showing mean and standard deviation. Data from 4 experiments were combined, samples from all experiments were screened at the
same time on the same batch of splenocytes. One-way ANOVA with Tukey’s post-test was used to compare groups. *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.
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chemotherapy and transfusion group was back to baseline,

suggesting enhanced consumption of excess BAFF following

alloantigen exposure.

Since chemotherapy induced increases in activation of

immature B cells regardless of alloantigen exposure, we next

assessed if chemotherapy would lead to non-specific increases in

circulating antibody levels. Levels of total IgM, IgA, IgG1, IgG2b,

and IgG3 were measured in the same serum samples used to

measure alloantibodies in Figure 2B. No significant differences

were observed for any of the isotypes (Figure 8). This observation

suggests that the non-specific activation of immature B cells did not

result in overall increases in antibody levels, and that alloantibody

production was specific to antigenic exposure.
4 Discussion

Contrary to our hypothesis, chemotherapy led to enhanced

alloantibody responses to allogeneic platelet transfusion. These

enhanced antibody responses were alloantigen specific and

associated with increased T cell responses to alloantigen.
Frontiers in Immunology 06
Chemotherapy alone led to rapid depletion of lymphocytes, with

heavy depletion of transitional B cells, followed by expansion and

reestablishment of homeostasis. During this time, circulating levels

of BAFF were elevated and transitional B cells were found to be

non-specifically activated, with the highest degree of activation

observed among the least mature T1 subset.

To our knowledge, the effect of chemotherapy on platelet

alloimmunization has not been previously examined. The PLADO

trial reported higher platelet alloimmunization in their

chemotherapy only group compared with the stem cell transplant

groups, but as the transplant groups would have also received

ablative therapies, this is more of an association with transplant

than chemotherapy (38). We do know that AML patients receiving

chemotherapy can mount a robust alloimmune response. The

TRAP trial focused entirely on this patient cohort and detected

alloantibody generation in 13% of the recipients of unmodified

platelet concentrates (7). Furthermore, attempts have been made to

evaluate the impact of chemotherapy on RBC alloimmunization

clinically with somewhat inconclusive results. Most of these studies

have not seen significant differences associated with chemotherapy,

but have struggled with confounding variables such as reduced
FIGURE 3

Lymphocytes in expansion phase at time of platelet transfusion. C57Bl/6J mice were given a 5-day course of cytarabine/doxorubicin days 0-4
(green) or no treatment (black), then transfused with BALB/cJ platelet at day 7 (blue arrow). Blood was sampled at days 2, 5, 7, 13, 17, and 21, and
complete blood counts were run. Counts are given for platelets (PLTs), red blood cells (RBCs), white blood cells (WBCs), lymphocytes, monocytes,
and neutrophils. Mean and 95% CI are plotted, n=10 per group.
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disease severity and higher allogenic exposure within the no

chemotherapy groups (39–41). One study, using the presence of a

platelet transfusion as a proxy indicator of more severe

chemotherapy, found reduced rates of alloimmunization to RBC

antigens among the myeloproliferative and lymphoproliferative
Frontiers in Immunology 07
disease patients who were given platelets compared to those who

were not (42). It is, however, difficult to know how much of this

difference is attributable to chemotherapy as it was not looked at

directly, and as with the other studies, is also associated with

additional confounding variables. It is worth noting that
B

C

D

E

A

FIGURE 4

Chemotherapy increases T cell response to allogeneic platelets. (A) C57Bl/6J mice were given a 5-day course of cytarabine/doxorubicin days 0-4
(Chemo, green), no treatment (None, black), a BALB/cJ platelet transfusion at day 7 (Tx, blue), or the chemotherapy on days 0-4 followed by
transfusion at day 7 (Chemo+Tx, blue/green). Spleens were harvested on days 5, 7, 10, or 14, and cells were evaluated by flow cytometry. Blood was
also collected at these same time points with serum frozen for later analysis of growth factors. Cells were gated on singlets, lymphocytes, live cells,
CD3+CD19- cells, and then either CD4+ or CD8+ (see Figures 1A–C for gating). Frequencies of activated T cell populations are plotted. (B) Frequency
of CD44hiCD45RBlow cells within the CD4+ T cell population. (C) Frequency of CD69+ cells within the CD4+ T cell population. (D) Frequency of
CD44hi cells within the CD8+ T cell population. (E) Frequency of CD69+ cells within the CD8+ T cell population. Data is pooled from 2 independent
experiments, n=10 per group per time point (except Tx only at day 14 where n=7). Groups were compared within each time point, with unpaired
t-tests used for pairwise comparisons at days 5 and 7, and one-way ANOVA with Tukey’s post-test used for days 10 and 14. Error bars indicate mean
and standard deviation. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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chemotherapeutic approaches vary widely in effect, and other types

of regimens (particularly non-ablative strategies) might alter

alloimmunization differently.

The increased alloantibody responses observed following

chemotherapy were not skewed towards a particular isotype, but

rather, were seen across isotypes, suggesting that chemotherapy was

not impacting class switch, but boosting antibody production

overall (Figure 2B). While non-specific activation of transitional B

cells was observed with chemotherapy alone (Figure 6), this was not

associated with non-specific antibody production, as chemotherapy

alone did not induce alloantibody production (Figure 2B) nor any

increases in total antibody levels (Figure 8). This suggests that while

non-specific activation of transitional B cells may occur with

chemotherapy, antigen-specific signals are still required to induce

an antibody response, even in this more permissive immunological

environment. Interestingly, we did not observe any increased

activation of mature B cells in any of our treatment groups, even

when elevated antibodies were seen. Taken together, these data
Frontiers in Immunology 08
suggest that antibody production is coming from the transitional B

cell populations. We cannot, however, rule out a role for mature B

cells in this response, as we have observed in ongoing studies that

the alloreactive B cell populations are rare, and that even in a robust

alloimmune response, B cell activation is difficult to observe in the

total B cell population, only becoming apparent with direct staining

of alloreactive B cells. Additional studies will be needed to

definitively determine the source of these alloantibody producing

B cells.

The activation of the transitional B cells observed with

chemotherapy is surprising, particularly as the T1 cells were the

most activated subpopulation. Overall, transitional B cells have

been shown to be more difficult to activate, with little to no

proliferative response to anti-IgM or PMA and Ionomycin

stimulation, and a reduced response to LPS stimulation compared

with mature B cells, though they can generate T-dependent antigen-

specific responses (27, 29, 31). A study from Petro et al. found that

BCR signaling in the T1 subset led to cell death whereas in the T2
B

C D

A

FIGURE 5

Chemotherapy disproportionately depletes less mature B cells. C57Bl/6J mice were given a 5-day course of cytarabine/doxorubicin days 0-4
(Chemo, green), no treatment (None, black), a BALB/cJ platelet transfusion at day 7 (Tx, blue), or the chemotherapy on days 0-4 followed by
transfusion at day 7 (Chemo+Tx, blue/green). Spleens were harvested on days 5, 7, 10, or 14, and cells were evaluated by flow cytometry (See
Figure 4A). Cells were gated on singlets, lymphocytes, live cells, and CD3-CD19+ cells to identify B cells. B cells were then further divided into
mature (CD93-) and immature populations (CD93+), and immature B cells were further divided into T1 (CD23-/IgMhi), T2 (CD23+/IgMhi), and T3
(CD23+/IgMlow) subsets (see Figure 1A for gating). (A) Frequency of immature B cell population out of the total B cell population. (B) Frequency of T1
B cell population out of the total B cell population. (C) Frequency of T2 B cell population out of the total B cell population. (D) Frequency of T3 B
cell population out of the total B cell population. Data is pooled from 2 independent experiments, n=10 per group per time point (except Tx only at
day 14 where n=7). Values are plotted along with mean and SD by group and time point. Groups were compared within each time point, with
unpaired t-tests used for pairwise comparisons at days 5 and 7, and one-way ANOVA with Tukey’s post-test used for days 10 and 14. Error bars
indicate mean and standard deviation. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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B

C

D

E
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FIGURE 6

Chemotherapy induces non-specific activation of immature B cells. C57Bl/6J mice were given a 5-day course of cytarabine/doxorubicin days 0-4
(Chemo, green), no treatment (None, black), a BALB/cJ platelet transfusion at day 7 (Tx, blue), or the chemotherapy on days 0-4 followed by
transfusion at day 7 (Chemo+Tx, blue/green). Spleens were harvested on days 5, 7, 10, or 14, and cells were evaluated by flow cytometry (See
Figure 4A). Cells were gated on singlets, lymphocytes, live cells, and CD3-/CD19+ cells to identify B cells. B cells were then further divided into
mature (CD93-) and immature populations (CD93+), and immature B cells were further divided into T1 (CD23-/IgMhigh), T2 (CD23+/IgMhigh), and T3
(CD23+/IgMlow) subsets. Activation was determined based on upregulation of CD86 and CD69 expression. Total frequencies of CD86+ (left) and
CD69+ (right) cells within gated Mature B (A), total Immature B (B), T1 B (C), T2 B (D), and T3 B (E) cells are shown (see Figure 1A, D for gating). Data
is pooled from 2 independent experiments, n=10 per group per time point (except Tx only at day 14 where n=7). Values are plotted along with mean
and SD by group and time point. Groups were compared within each time point, with unpaired t-tests used for pairwise comparisons at days 5 and
7, and one-way ANOVA with Tukey’s post-test used for days 10 and 14. Error bars indicate mean and standard deviation. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.
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subset, this led to activation that was more similar to what is seen in

mature B cells (30). In our study, all three of the transitional B cell

subsets were activated in the chemotherapy groups, with the highest

levels of activation seen in the T1>T2>T3 subsets. The key to this

difference may be in the elevated BAFF we observed following

chemotherapy. Overexpression of BAFF has been shown to induce
Frontiers in Immunology 10
autoimmune class-switched antibody production in mice in a

transmembrane and CAML interactor (TACI)-dependent

mechanism (43, 44). TACI, which is one of three known

receptors for BAFF, is not normally expressed on most

transitional B cells, but is found on a large subset of transitional

B cells in BAFF transgenic mice, including the T1 subset (44). These
B

C

D

A

FIGURE 7

Circulating BAFF elevated following chemotherapy. C57Bl/6J mice were given a 5-day course of cytarabine/doxorubicin days 0-4 (Chemo, green),
no treatment (None, black), a BALB/cJ platelet transfusion at day 7 (Tx, blue), or the chemotherapy on days 0-4 followed by transfusion at day 7
(Chemo+Tx, blue/green). Blood was collected on days 5, 7, 10, or 14 (See Figure 4A). Serum was screened for (A) BAFF by ELISA and for (B) IL-7, (C)
IL-15, and (D) IL-21 by multiplex assay. Data is pooled from 3 independent experiments, n=13 per group per time point. Values are plotted along
with mean and SD by group and time point. Groups were compared within each time point, with unpaired t-tests used for pairwise comparisons at
days 5 and 7, and one-way ANOVA with Tukey’s post-test used for days 10 and 14. **p<0.01, ***p<0.001, ****p<0.0001.
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TACI expressing transitional B cells have been shown in this high

BAFF setting to be activated, enriched for autoreactivity, and

capable of producing class switched autoantibodies (44).

In contrast to the non-specific activation seen in the transitional

B cell compartment, increased T cell activation required allogeneic

transfusion (Figure 4). Consistent with our earlier studies, we were

able to detect activation of CD8+ T cells with transfusion alone (37).

This response, however, was significantly increased in the

chemotherapy and transfusion groups compared to transfusion

alone. Our CD4+ T cell response was only significantly elevated

with chemotherapy and transfusion together, suggesting that

chemotherapy may be enabling greater T cell help for B cell

responses to transfused alloantigens. This T cell help may be what

is regulating the differences between the B cell activation markers

seen with chemotherapy alone and the antibody increases observed

with transfusion in the context of chemotherapy.

The homeostatic mechanisms regulating lymphocytes can

generate niches for more permissive expansion when numbers of

cells are low. When there are fewer cells to consume them,

circulating levels of homeostatic growth factors can rise (22, 23,

45, 46). In our model, we see this clearly with elevated serum BAFF

levels following chemotherapy (Figure 7). The elevated levels of
Frontiers in Immunology 11
BAFF are seen across the 2-week period we measured, but slowly

reduce over time, consistent with lymphocyte recovery and

increased consumption during this time. Furthermore, BAFF

levels return to normal faster in the chemotherapy and

transfusion group, suggesting that the introduction of an antigen-

specific response leads to greater consumption of growth factors

than homeostatic recovery alone. In addition to providing survival

signals, BAFF signaling has been shown to play a role in the

maturation of immature B cells to T1 cells and from T1 to T2

cells (47–49). Furthermore, as discussed above, high BAFF settings

have been shown to induce activation within these transitional B

cell subsets, consistent with our findings (44).

While ablative chemotherapies are generally thought of as

immunosuppressive (20, 21), more evidence is accumulating that

the effects of these treatments on immunological function are more

complex. In recent years there has been a greater recognition of the

immune-enhancing properties of traditional chemotherapies, with

efforts to combine these approaches with immunotherapies to

improve host responses targeting cancer cells. A number of

mechanisms are thought to play a role including increasing the

immunogenicity of the cancer antigens via more inflammatory cell

death pathways, mucosal barrier injury leading to increased toll-like
FIGURE 8

Chemotherapy does not increase total antibody levels. C57Bl/6J mice were given a 5-day course of cytarabine/doxorubicin days 0-4 (Chemo,
n=14), no treatment (None, n=25), a BALB/cJ platelet transfusion at day 7 (Tx, n=25), or the chemotherapy on days 0-4 followed by transfusion at
day 7 (Chemo+Tx, n=25). Blood was collected at day 21 (see Figure 2A). Serum was screened for total antibody by isotype using a multiplex assay.
Concentration of total antibody for each mouse is plotted by isotype, with error bars showing mean and standard deviation. Data from 4
experiments were combined. One-way ANOVA with Tukey’s post-test was used to compare groups. No significant differences observed.
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receptor signals, elimination of regulatory cell populations, and

overall lymphodepletion leading to more permissive activation (50–

52). While the antigen of interest in our model is derived from

allogeneic platelets rather than cancer cells, many of these

mechanisms may still play a role in altering the alloresponse

to transfusion.

While our study has demonstrated that enhanced

alloimmunization to platelets can occur following ablative

chemotherapy, some limitations should be considered. While the

use of a mouse model has enabled a reductionist approach that

would not be feasible clinically, these findings should be verified in a

clinical setting. We use non-leukoreduced platelets in our model as

these produce a more robust alloresponse which is easier to track

and manipulate than the response to leukoreduced platelets. Based

on our previous work, we would anticipate a similar relative change

in alloantibody responses using leukoreduced platelets (34, 35), but

it is possible that the effects of chemotherapy on platelet

alloimmunization outcomes is different with leukoreduction.

Leukoreduction practices vary considerably leading to products

with wide variation in both the number and type of residual

lymphocytes found in the produced product, which may further

alter alloimmunization outcomes (53). Furthermore, levels of

expression of class I HLA on platelets can vary significantly by

donor, potentially altering the impact of leukoreduction on

alloimmunization from donor to donor (54). It is also important

to note that transfusion at later timepoints post-chemotherapy

might lead to different outcomes as homeostatic mechanisms

gradually equilibrate. Finally, additional studies will be needed to

determine the contribution of other factors such as different cancers

and other therapeutic interventions typically given with

ablative chemotherapy.

Alloimmunization to donor MHC can cause significant

problems for platelet recipients including refractoriness to

subsequent transfusions and rejection of transplants. As platelet

transfusions and bone marrow transplants are more frequently

given to patients on ablative therapies, understanding the risk of

alloimmunization for these patients is critical. Our study suggests

that ablative chemotherapies may increase a recipient’s risk of

alloimmunization. These patients may benefit from targeted

interventions such as HLA matching that are currently utilized

only after a patient becomes refractory, or in the future, from

repurposing of approved immune regulatory therapeutics such as

BAFF blockade to inhibit the formation of new alloantibodies.

While further studies will be needed to determine if these

findings can translate to the clinic, an improved understanding of

which patients are at highest risk of alloimmunization will enable

the best support of those requiring transfusion.
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